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resumo 
 
 
O tributilestanho (TBT) é considerado um dos xenobióticos mais tóxicos, 
produzidos e deliberadamente introduzidos no meio ambiente pelo Homem. 
Tem sido usado numa variedade de processos industriais e subsequentemente 
descarregado no meio ambiente. O tempo de meia-vida do TBT em águas 
marinhas é de várias semanas, mas em condições de anóxia nos sedimentos, 
pode ser de vários anos, devido à sua degradação mais lenta. Embora o TBT 
tenha sido descrito como sendo tóxico para eucariotas e procariotas, muitas 
bactérias podem ser resistentes a este composto. 
O presente trabalho teve como objetivo principal elucidar o mecanismo de 
resistência ao TBT em bactérias. Para além disso, pretendeu-se desenvolver 
um biorepórter para detectar TBT no ambiente. Para atingir estes objetivos 
foram delineadas várias tarefas cujos principais resultados obtidos se 
apresentam a seguir. 
Várias bactérias resistentes ao TBT foram isoladas de sedimento e água do 
Porto de Pesca Longínqua (PPL) na Ria de Aveiro, Portugal. Entre estas, 
Aeromonas molluscorum Av27 foi selecionada devido à sua elevada 
resistência a este composto (concentrações até 3 mM), à sua capacidade de 
degradar o TBT em compostos menos tóxicos (dibutilestanho, DBT e 
monobutilestanho, MBT) e também por usar o TBT como fonte de carbono. 
A. molluscorum Av27 foi caracterizada genotipica e fenotipicamente. Os 
fatores de virulência estudados mostraram que esta estirpe i) possui atividade 
lipolítica; ii) não é citotóxica para células de mamíferos, nomeadamente para 
células Vero; iii) não possui integrões de classe I e II e iv) possui cinco 
plasmídeos com aproximadamente 4 kb, 7 kb, 10 kb, 100 kb e mais de 100 kb. 
Estes resultados mostraram que a estirpe Av27 não é tóxica, aumentando 
assim o interesse nesta bactéria para futuras aplicações, nomeadamente na 
bioremediação. 
Os testes de toxicidade ao TBT mostraram que este composto tem um impacto 
negativo no crescimento desta estirpe, bem como, na densidade, no tamanho 
e na atividade metabólica das células e é responsável pela formação de 
agregados celulares.  Assim, o TBT mostrou ser bastante tóxico para as 
bactérias interferindo com a atividade celular geral. 
O gene Av27-sugE, que codifica a proteína SugE pertencente à família das 
“small multidrug resistance proteins” (SMR), foi identificado como estando 
envolvido na resistência ao TBT nesta estirpe. Este gene mostrou ser sobre-
expresso quando as células crescem na presença de TBT. 
O promotor do gene Av27-sugE foi utilizado para construir um bioreporter para 
detetar TBT, contendo o gene da luciferase do pirilampo como gene repórter. 
O biorepórter obtido reúne as características mais importantes de um bom 
biorepórter: sensibilidade (intervalo de limite de detecção de 1-1000 nM), 
rapidez (3 h são suficientes para a deteção de sinal) e, possivelmente, não é 
invasivo (pois foi construído numa bactéria ambiental). 
Usando sedimento recolhido no Porto de Pesca Longínqua da Ria de Aveiro, 
 
   
 
 
 
 
 
 
 
 
 
 
  
  
foi preparada uma experiência de microcosmos com o intuito de avaliar a 
capacidade de Av27 para bioremediar o TBT, isoladamente ou em associação 
com a comunidade bacteriana indígena. A análise das amostras de 
microcosmos por PCR-DGGE e de bibliotecas de 16S rDNA revelaram que a 
comunidade bacteriana é relativamente estável ao longo do tempo, mesmo 
quando Av27 é inoculada no sedimento. Para além disso, o sedimento 
estuarino demonstrou ser dominado por bactérias pertencentes ao filo 
Proteobacteria (sendo mais abundante as Delta e Gammaproteobacteria) e 
Bacteroidetes. Ainda, cerca de 13% dos clones bacterianos não revelaram 
nenhuma semelhança com qualquer dos filos já definidos e quase 100% afiliou 
com bactérias não cultiváveis do sedimento. No momento da conclusão desta 
tese, os resultados da análise química de compostos organoestânicos não 
estavam disponíveis, e por essa razão não foi possível tirar quaisquer 
conclusões sobre a capacidade desta bactéria remediar o TBT em 
sedimentos. Esses resultados irão ajudar a esclarecer o papel de A. 
molluscorum Av27 na remediação de TBT. Recentemente, a capacidade da 
estirpe Av27 remediar solo contaminado com TBT foi confirmada em 
bioensaios realizados com plantas, Brassica rapa e Triticum aestivum (Silva 
2011a), e também com invertebrados Porcellionides pruinosus (Silva 2011B). 
Assim, poder-se-á esperar que a bioremediação do sedimento na experiência 
de microcosmos também tenha ocorrido. No entanto, só a análise química dos 
compostos organostânicos deverá ser conclusiva. 
Devido à dificuldade em realizar a análise analítica de organoestânicos, um 
método de bioensaio fácil, rápido e barato foi adaptado para avaliar a 
toxicidade do TBT em laboratório, antes de se proceder à análise química das 
amostras. O método provou a sua utilidade, embora tenha mostrado pouca 
sensibilidade quando se usam concentrações de TBT baixas. 
Em geral, os resultados obtidos contribuíram para um melhor entendimento do 
mecanismo de resistência ao TBT em bactérias e mostraram o potencial 
biotecnológico de A. molluscorum Av27, nomeadamente, no que refere à sua 
possível aplicação na descontaminação de TBT no ambiente e também no 
desenvolvimento de biorepórteres. 
 
 
 
resumo (cont.) 
 
 
   
 
 
 
 
 
 
 
 
 
 
  
keywords 
 
Tributyltin (TBT), Aeromonas molluscorum Av27, resistance, degradation, 
sugE, bioreporter, bioremediation, microcosm 
abstract 
 
 
Tributyltin (TBT) is considered as one of the most toxic xenobiotics, ever 
produced and deliberately introduced into the environment by Man. It has been 
used in a variety of industrial processes and subsequently discharged into the 
environment. The typical half-life of TBT in marine waters is of several weeks, 
but in deeper anoxic sediments it may be of several years, due to its slower 
degradation. Although TBT has been reported to be toxic to both eukaryotes 
and prokaryotes, bacteria can be resistant to this compound. 
In the present work a major goal was outlined: to elucidate the TBT resistance 
mechanism in bacteria. Additionally, it was also an objective developing a 
bioreporter to detect TBT in the environment. For this purpose a number of 
tasks were delineated and the main results obtained are bellow described. 
Several resistant bacteria were isolated from sediment and water at Porto de 
Pesca Longínqua (PPL) site in Ria de Aveiro, Portugal. Among those, 
Aeromonas molluscorum Av27 was selected due to its high resistance to TBT 
(up to 3 mM), its ability to degrade this compound into less toxic compounds 
(dibutyltin, DBT and monobutyltin, MBT) and also because it uses TBT as 
carbon source. 
A. molluscorum Av27 was genotypically and phenotypically characterized. The 
virulence factors studied showed that Av27 strain: i) has lipolytic activity; ii) is 
not cytotoxic for mammal cells, namely Vero cells; iii) does not have class I and 
II integrons and iv) possesses five plasmids with approximately 4 kbp, 7 kbp, 
10 kbp, 100 kbp and more than 100 kbp. These results demonstrated that Av27 
strain is not toxic, increasing the interest on this bacterium for future 
applications, namely bioremediation. 
Different growth parameters were studied revealing that a temperature of 25°C, 
a salinity range from 1 to 4% and a pH between 6 and 9 were the optimal 
growth conditions to Av27 strain. Regarding the antibiotic resistance profile, A. 
molluscorum Av27 is resistant to penicillin (10 µg), amoxicillin/clavulanic acid 
(30 µg) and cephalothin (30 µg) and also to the vibriostatic agent O/129; 
moreover, Av27 strain uses various compounds as carbon and energy source. 
TBT toxicity tests showed that this compound has a negative impact on 
bacterial growth, cell density, cell size and metabolic activity and promoted the 
formation of cell aggregates. Thus, TBT was found to be very toxic for this 
bacterium interfering with general cell activity. 
A gene, Av27-sugE, encoding the SugE protein belonging to the small 
multidrug resistance (SMR) proteins family was identified to be involved in the 
TBT resistance in this strain. This gene showed to be over-expressed when 
cells grow in the presence of TBT. 
Based on the Av27-sugE putative promoter, a bioreporter for TBT was 
constructed, containing the firefly luciferase as the reporter gene. The obtained 
bioreporter gathers the most important characteristics of a good bioreporter: 
   
 
 
 
 
 
 
 
 
 
 
  
  
sensitivity (detection limit range from 1-1000 nM), fastness (3 h for signal 
detection) and possibly non-invasive (it was constructed in an environmental 
bacterium). 
A microcosm experiment using estuarine sediment from PPL, Ria de Aveiro, 
was established to evaluate the ability of Av27 to bioremediate TBT, alone or in 
association with the indigenous bacterial community. PCR-DGGE and 16S 
rDNA libraries analysis of the microcosm samples revealed that the bacterial 
community is relatively stable over time, even when Av27 is inoculated in the 
sediment. Additionally, the estuarine sediment demonstrated to be dominated 
by bacteria belonging to the phyla Proteobacteria (among the most abundant 
Delta and Gammaproteobacteria) and Bacteroidetes. Moreover, about 13% of 
the bacterial clones showed no similarity to any of the phyla already defined 
and almost 100% affiliated with unculturable sediment bacteria. At the time of 
conclusion of this thesis, the results of organotin compounds chemical analysis 
were not available; therefore it was not possible to draw any conclusions about 
the TBT remediation in microcosm. Those results will help clarify the role of A. 
molluscorum Av27 in the remediation of TBT. Recently the ability of Av27 strain 
to remediate soil contaminated with TBT was confirmed in bioassays 
performed with plants, Brassica rapa and Triticum aestivum (Silva 2011a) and 
also invertebrates Porcellionides pruinosus (Silva 2011b). Thus it could also be 
expected that bioremediation of the sediment from the microcosm experiment 
has also occurred. Still only the organotin chemical analysis shall be 
conclusive. Due to the difficulty in performing analytical analysis, an easy, 
rapid, and inexpensive bioassay method was adapted to monitor TBT toxicity in 
the laboratory, prior to chemical analysis. The method proved its usefulness 
albeit showing low sensitivity when low TBT concentrations are used. 
Overall, the results obtained contributed to the elucidation of TBT resistance in 
bacteria and revealed the biotechnological potential of A. molluscorum Av27, 
namely in its possible application to decontaminating TBT in the natural 
environment and also in the development of bioreporters. 
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Structure of this thesis 
 
 
 
 
The main goal of this thesis was to elucidate the tributyltin (TBT) resistance 
mechanism in prokaryotic organisms, namely in Aeromonas molluscorum Av27. 
The present thesis is organized in nine chapters. Chapter I provides a general 
introduction incorporating the state-of-art on the subject of tributyltin (TBT) resistance in 
bacteria. Furthermore, bioreporters and bioremediation processes are also addressed. 
Chapters II to VIII describe the major results obtained during the development of this work 
and are structured in the form of scientific papers, i.e. each chapter has an introduction to 
the theme discussed in that specific chapter, the methodologies employed, the results and 
respective discussion and conclusions. Finally, in chapter IX, is presented an overview of 
the results obtained. Briefly, each chapter is summarized below: 
! Chapter I provides a brief overview of the properties and application of organotin 
compounds and tributyltin (TBT), the environmental levels of contamination found, 
adverse biological effects, legislation restriction, resistance and degradation processes. 
The use of bioreporters and bioremediation processes issues are also addressed in this 
introductory chapter. 
! Chapter II discusses the isolation of several TBT resistance strains from Ria de 
Aveiro (Portugal), and highlights the main reasons for the selection of Aeromonas 
molluscorum Av27 for further studies, namely its high TBT resistance, the ability to 
degrade this compound and also its use as a carbon source. 
! Chapter III addresses the phenotypic and genotypic characterization of A. 
molluscorum Av27, which is important to define better growth conditions, and potential 
toxicity for eventual application of this strain in bioremediation processes. 
! Chapter IV describes the effect of TBT on the metabolic activity of resistant and 
sensitive bacterial strains. 
! Chapter V reports the identification and characterization of Av27-sugE, a gene 
involved in TBT resistance in A. molluscorum Av27. 
Structure of this thesis 
 xvi 
! Chapter VI describes the construction of a TBT bioreporter with the firefly 
luciferase reporter gene located in front of the putative promoter of Av27-sugE. The 
preliminary experiments for optimizing the performance of bioreporter are also discussed 
in this chapter. 
! Chapter VII consists on the establishment of a microcosm that was prepared 
using TBT contaminated sediment from Ria de Aveiro. The change of the indigenous 
bacterial community over time and the impact of the inoculation of Av27 in this microcosm 
were also studied. 
! Chapter VIII describes the adaptation of a simple bioassay method to detect the 
presence of TBT in aqueous (culture medium and water) and soil/sediment samples, prior 
to the conventional analytical methods. 
! Chapter IX constitutes an overview of the work, highlighting the main conclusions 
of the work performed. It also includes the future perspectives and some final remarks. 
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1 General Introduction 
 
 
 

General Introduction 
 19 
1.1 Organotin compounds and tributyltin (TBT): properties and 
application 
Organotin compounds (OTs) comprise a group of organometals characterized by a tin 
(Sn) atom covalently bound to one or more organic substituents (e.g. methyl, ethyl, butyl, 
propyl, phenyl) (Hoch 2001). They conform to the following general formula R(4-n)SnXn with 
n= 0-3, in which R is any organic alkyl or aryl group and X is an anionic species, for 
example halide, oxide, chloride, hydroxide (Rudel 2003). 
The properties of organotin compounds vary significantly, depending mainly upon the 
number and nature of the R groups, but also upon the type of the ligand (X) (Hoch 2001). 
The toxicity of the organotin can be more influenced by the alkyl substitutes than the 
anionic substitutes (Antizar-Ladislao 2008). In general, inorganic tin is non-toxic whereas 
tri-substituted compounds have maximum toxicological activity (Sekizawa et al. 2003). 
The solubility of OTs in water decreases with increasing number and length of the 
organic substitutes, but it also depends on the particular X (Hoch 2001). The water 
solubility of most OTs is low and also dependent on pH, ionic strength, and temperature. 
Data for TBT-Cl range from 5 to 50 mg L-1, whereas the water solubility of DBT-Cl2 is 
higher, up to 92 mg L-1 (Rudel 2003). Due its low water solubility, OTs strongly bind to 
suspended material and inorganic sediments (Laughlin Jr et al. 1986). 
The tri-substituted OT species, such as tributyltin (TBT) (Figure 1), have been 
described as the most toxic substance ever produced and deliberately introduced into the 
environment by Man (Goldberg 1986). World production of OTs was estimated at about 
40,000 ton/year in 1985 (Alzieu 1998), increasing to 50,000 ton/year in 1996 (Antizar-
Ladislao 2008). 
 
 
Figure 1. The tributyltin (TBT) chemical structure. 
(http://en.wikipedia.org/wiki/File:Tributyltin-hydride-3D-balls.png, April 16th, 2012). 
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In the aquatic environment, TBT is quickly removed from the water column and 
adheres to bed sediments due to its high specific gravity (near 1.2 kg L-1 at 20ºC) 
(Landmeyer et al. 2004), low solubility (less than 10 mg L-1 at 20ºC and pH 7.0) (Fent 
1996), and log Kow values near 4.4 at pH 8. Additionally, TBT is ionisable and exhibits a 
pKa acidity constant of 6.25 (Antizar-Ladislao 2008). 
Since the beginning of the Bronze Age tin has been used for the production of various 
products such as tin dishes or drinking mugs (Rudel 2003). However, it was in 1940’s with 
the plastics industry, particularly the production of polyvinyl chloride (PVC), that the 
commercial application of OTs began (Hoch 2001). In the early 50’s, the biocidal 
properties of tri-substituted derivatives, mainly TBT and triphenyltin (TPT) compounds 
(Bennett 1996) was recognized. These compounds were applied as wood preservative, 
disinfectants of textiles and paper, fungicides, insecticides and antibiotics (Bennett 1996). 
In 1970’s they became the active component of antifouling (AF) paints used on ship and 
boat hulls, docks, fishnets and buoys, to discourage bioincrustation (Figure 2) – unwanted 
settling and growth of biological materials such as barnacles, bacteria, tubeworms, 
mussels and algae, on the surfaces immersed in water (Sternberg et al. 2010; Yebra et al. 
2004). Table 1 shows the main industrial applications of organotin compounds. 
 
 
 
 
 
Figure 2. Vessel hull fouling. Marine biofouling describes the community of organisms that settle and grow on 
the external surfaces of submerged structures. Photo: J. Lewis (adapted from Dafforn et al. 2011). 
General Introduction 
 21 
Table 1. Examples of various industrial applications of organotin compounds (adapted from Hoch 2001). 
Application Function General Formula 
PVC stabilizers Stabilization against decomposition by heat and light R2SnX2, RSnX3 
Antifouling paints Biocide R3SnX 
Agrochemicals Fungicide, insecticide, miticide, antifeedant R3SnX 
Wood preservation Insecticide, fungicide Bu3SnX 
Glass treatment Precursor for SnO2 films on glass Me2SnX2, RSnX3 
Material protection Fungicide, algaecide, bactericide Bu3SnX 
Impregnation of textile Insecticide, antifeedant Ph3SnX 
Poultry farming Dewormer Bu2SnX2 
 
 
1.2 Environmental levels of organotin compounds 
Considering the extreme high toxicity in combination with their widespread use, the 
direct input and their relatively high persistence, organotin compounds are of great 
interest, particularly in aquatic ecosystems (Hoch 2001). Accordingly, these pollutants can 
enter the aquatic system by different sources (Figure 3). 
 
 
Figure 3. General sources, distribution, and fate of organotin compounds into the aquatic environment 
(adapted from Hoch 2001). 
 
Marinas and commercial ports in developed countries were identified as hotspots of 
TBT contamination with concentrations in the surface water and sediments correlating to 
the level of shipping or boating intensity (Dafforn et al. 2011). Given its strong affinity for 
suspended particulates and sediments, benthic sediments are regarded as the major sink 
for TBT in the environment (Antizar-Ladislao 2008). 
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A number of studies have been conducted involving surveys of the TBT distribution in 
the water column, biota and sediments (Table 2 and Table 3). These studies reported the 
extensive use of this compound and identified the TBT contamination in several countries 
around the world. The maximum values (3.2 !g L-1) in the water column were verified in 
Singapore in 2000; and on sediment, the maximum values (89 !g g-1) were registered in 
Australia in 2006 (Table 2). The hotspots of TBT are the marinas and commercial ports in 
developed countries, where the contamination in the surface water and sediments is in 
correlation to the level of shipping or boating intensity (Dafforn et al. 2011). 
The maximum TBT concentration registered in biological tissues was observed in 
bivalves from Korea (1610 ng Sn g dw-1) in 1997-1998. Also, in coastal areas of Korea 
higher TBT concentrations are registered in areas of intense commercial shipping, up to 
0.16 !g L-1 (Choi et al. 2009) (Table 3). 
 
Table 2. Maximum TBT concentration in seawater (!g L-1) and sediments (!g g-1) registered in various 
countries (adapted from Dafforn et al. 2011). 
Location Water (!g L-1) Date  Sediment (!g g-1) Date 
North America      
USA 0.93 1983-1985  0.909 1993-1994 
      
Asia      
Australia 0.012 2006  89 2006 
Japan 0.002 2007  0.011 2007 
Korea 0.16 2001-2005  9.58 2001-2005 
Hong Kong 1.05 1988-1989  53 1994 
Singapore 3.2 2000    
India 0.037 2007-2008  16.82 2000-2002 
      
Europe      
UK 1.06 1984-1986  3.9 1990 
France 1.5 1986-1987  8.163 1996-1997 
Spain 2.8 1996  13.3 2000 
Portugal 0.071 1999-2000  0.003 1999-2000 
      
North Africa      
Egypt 0.083 1994  2.07 1999 
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Table 3. Maximum TBT concentration in biological samples (ng Sn g dw-1 unless indicated otherwise) 
(adapted from Antizar-Ladislao 2008). 
Location Biological sample TBT (ng Sn g dw-1) Date 
North America    
Canada Mussel <1440a, b 1996 
    
Asia    
Bangladesh Fish 3a, b 1994 
Japan Fish 240a, b 1996 
Korea Bivalves 1610 1997-1998 
Malaysia Fish 190a, b 1998 
Taiwan Oyster 417a, b 2002 
Vietnam Clam 15 2003 
China T. luteostoma 170 2004 
    
Europe    
River Elbe and North Sea Fish 490a, b 1993 
The Netherlands Fish 67a, b 1993 
Strait between Denmark and Sweden Bivalve 300b 1997 
Spain H. trunculus 48 1999 
Portugal Mussel 789 2000 
Greece Bivalve 109 2003 
Spain Oyster 193 2005 
a Wet weight; b ng organotin instead of Sn. 
 
 
1.3 Adverse biological effects of TBT on living organisms 
TBT shows a substantial potential for bioaccumulation that biomagnifies through the 
food chain thus being of particular concern in long-lived biota (Murata et al. 2008). 
The toxic effects of TBT were recorded for the first time in France in 1975, in the Bay 
of Arcachon, where severe growth and shell calcification problem were observed in 
oysters, leading to the collapse of reproduction (Alzieu 2000). 
In 1980’s, TBT was associated to imposex, a phenomenon characterized by the 
superimposition of male sexual characteristics (vas deferens, penis) on female gastropods 
(Smith 1971), being an example of endocrine disruption. In fact, imposex led to the 
extinction of Nucella lapillus (Gibbs and Bryan 1996) at heavily TBT polluted areas being 
one of the most serious effects of TBT. 
Reports of TBT toxicity to organisms belonging to the five taxonomic kingdoms have 
been reported (Antizar-Ladislao 2008; Bernat et al. 2009; Cooke 2002; Gadd 2000; White 
et al. 1999): from bacteria to mammals and from the molecular to the community level. 
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Table 4 shows some examples of the toxic effects of TBT in different taxonomic groups. 
Nevertheless, considering the exposure and sublethal effects, molluscs are being 
considered the most sensitive taxon (Fent 1996). This should be due to the high uptake 
rate of TBT by molluscs, and also their low ability to metabolize it, and the slow rate to 
eliminate it through excretion (Fent 1996; Galante-Oliveira 2010; Oehlmann et al. 2007). 
In bacteria, the study object organisms of the present thesis, it has been reported that 
TBT can affect negatively the growth and metabolism of the cells, namely affecting 
respiration, inhibiting solute transport, biosynthesis of macromolecules and 
transhydrogenase (Cruz et al. 2012; Gadd 2000; Wuertz et al. 1991). 
 
Table 4. Examples of ecotoxicological effects of TBT by taxonomic group. 
Group Effect Example of reference 
Bacteria • Toxic for bacteria (Gram negative are, in general, more 
resistant); 
• Inhibit growth and metabolism; 
• Affect respiration; 
• Decrease bacterial productivity; 
• Inhibit solute transport; 
• Inhibit biosynthesis of macromolecules and transhydrogenase; 
(Cruz et al. 2012) 
(Mendo et al. 2003) 
(Gadd 2000) 
(Wuertz et al. 1991) 
Phytoplankton • Reduction of marine microalgae growth; 
• Reduction on primary productivity; 
• Alteration of photosynthetic pigment content; 
• Changes in the community structure; 
(Gadd 2000) 
(Antizar-Ladislao 2008) 
(White et al. 1999) 
(Sidharthan et al. 2002) 
Plants • Delay and diminish in seed germination; 
• Decrease on growth parameters; 
• Impairment of macroalgae spores motility; 
• Stress induction, by bioaccumulation, in terrestrial plants used for 
human consumption; 
(Silva 2011a) 
(Caratozzolo et al. 2007) 
Crustaceans • Reduce of reproductive performance; 
• Decrease neonate survival; 
• Juveniles growth rate decrease; 
• Changes in the community structure; 
(Dahllof et al. 2001) 
(Takeuchi et al. 2001) 
(Aono and Takeuchi 2008) 
Molluscs • Alterations on shell growth; 
• Imposex (females virilisation); 
• Sterility; 
• Increase of mortality; 
• DNA damage; 
• Changes on community structure; 
(Alzieu 2000) 
(Barroso et al. 2000) 
(Gabbianelli et al. 2006) 
(Page et al. 1996) 
Fish • Growth inhibition; 
• Masculinisation in females; 
• Induce abnormalities in sperm; 
• Reduce fecundity; 
• Liver vacuolation; 
• Larvae malformations; 
• Hyperplasia of the hematopoietic tissue; 
• Cytochrome P450 system inhibition; 
• Neurotoxicity through the modulation of glutamate signalling 
pathway; 
(Fent 1996) 
(Shimasaki et al. 2003) 
(McAllister and Kime 2003) 
(Zhang et al. 2008) 
Mammals • Changes in rats behaviour; 
• Reduce spermatogenesis in mice; 
• Embryos malformations; 
• Inhibitions of mitochondrial oxidative phosphorylation; 
• Inhibition of ATP synthesis; 
• Induce adipose tissue differentiation and obesity; 
• Human lymphocytes inhibition. 
(Whalen et al. 1999) 
(Fent 1996) 
(Antizar-Ladislao 2008) 
(Hoch 2001) 
(Grun and Blumberg 2006) 
(Ohtaki et al. 2007) 
(Chen et al. 2008) 
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1.4 Legislation restriction of TBT 
In parallel with the explosive increase in use of TBT in mid 1970’s, the first effects of 
TBT on non-target organisms start to be observed in Arcachon Bay (France), namely 
oysters shell malformations. In January 1982, French authorities regulated the use AF 
paints with more than 3% of TBT on vessels <25 m length (De Mora 1996), motivated by 
the collapse of the oyster farming culture in Arcachon Bay (Alzieu 1998; Alzieu 2000). Due 
to the negative impact of TBT, similar restrictions were subsequently adopted in most 
industrialized countries, mainly United Kingdom, in 1987; United States, in 1988; Canada, 
Australia, New Zealand, Norway and Japan, in 1989/90. The timeline of the adoption of 
legislation in different countries is summarized on Table 5. 
 
Table 5. Historical legislation restrictions over organotin-based products. 
Date Actions 
1982 France introduces legislation prohibiting the use of TBT paints on small vessels. 
1985 First controls introduced in United Kingdom limiting concentrations of TBT in paints. 
Jan 1987 United Kingdom announces further restrictions on TBT content of applied AF paint. 
May 1987 United Kingdom introduced ban on retail sale of TBT paint for use on vessels <25 m and on fish cages. 
Jun 1987 Paris Commission Recommendation 87/1 calls for similar ban over entire convention area (Northeast 
Atlantic). 
1988 United States introduces restrictions. 
The Marine Environment Protection Committee (MEPC) concluded that, for economic reasons, it is not 
viable to drastically abolish the use of AF systems with TBT on large commercial vessels. 
The European Commission proposed a legal restriction on the marketing and use of OT compounds. 
1989  Restrictions introduced in Canada, Australia and New Zealand. 
1990 The MEPC recommended that governments should adopt measures to eliminate the use of TBT-based 
AF paints on non-aluminium hulled vessels >25 m in length and to forbid the use of AF systems with an 
average leaching rate >4 mgTBT.cm-2. 
1991 Harmonized ban on retail sale on TBT paint introduced at European Union level. 
1992 TBT based AF paints were banned from the Portuguese Navy fleet. 
1995 Ministerial declaration of fourth North Sea conference commits to working for global phase-out of TBT 
paint within IMO. 
1997 Concept of global phase out of organotin containing paints agreed at MEPC’s 40th session. 
1998 Draft mandatory regulations aims at such a phase-out adopted. OSPAR prioritises organotins for action 
to cease all releases. Cessation of all releases of organotins to marine environment, under OSPAR’s 
hazardous substances strategy in 2020. 
1999 Deadlines for phase-out adopted under IMO Assembly Resolution A.895(21). 
2001 Text of International Conventional on the Control of Harmful Antifouling Systems (AFS Convention) to 
be finalised. In 2003 worldwide prohibition on new application of organotin AFs to all vessels and in 
2008 the existing organotin AF coatings should be replaced on all vessels worldwide. 
2002 Several countries in EU announced the cancellation of the production and registration of all TBT-based 
AF products. 
Jan 2003 Although, in Europe, the application and re-application of organotin on ships was not allowed from the 
1st January 2003, only Denmark (1.24% of the world’s merchant fleet tonnage) had completely ratified 
the AFS Convention. 
July 2003 Nigeria (0.07% of the world’s merchant fleet tonnage), West Indies and Barbados (0.81%), Japan 
(2.53%) and Norway (3.93%) required for the convention worldwide application. 
Australia (0.33%), Belgium (0.03%), Brazil (0.64%), Finland (0.28%), Morocco (0.51%), Sweden 
(0.51%) and USA (1.91%) signed AFS Convention document. 
End 
2003/2004 
Greece (4.99%), Spain (0.40%), Italy (1.68%) formally announced the convention signing. 
United Kingdom (1.05%) and Panama (20.80%) informally indicated the ratification of AFS Convention. 
Chapter I 
   26 
End 2006 AFS Convention was ratified by Antilles and Barbados, Bulgaria, Croatia, Cyprus, Denmark, Greece, 
Japan, Latvia, Luxembourg, Mexico, Nigeria, Norway, Poland, Romania, Saint Kitts and Nevis, Spain, 
Sweden and Tuvalu, totalizing 16.15% of the world’s merchant shipping tonnage. 
Sept 2007 AFS Convention entry into force with the 25th State ratification – Panama – representing a total of 
38.00% of world’s merchant shipping tonnage, where the international ban of the use of TBT 
compounds as biocides in AF systems was schedule for September 2008. 
Sept 2009 AFS Convention document was ratified by 40 States representing a total of 67.83% of the world’s 
merchant shipping tonnage. 
2009 The Commission Decision 2009/425/EC restricts the use of OTs in consumer articles. 
July 2010 Tri-substituted organostannic compounds, such as TBT and TPT, are not allowed when the 
concentration is greater than the equivalent of 0.1% by weight of tin. 
Jan 2012 DBT compounds are prohibited in mixtures and articles for supply public when the concentration is 
greater than the equivalent of 0.1% by weight of tin. 
Dioctyltin compounds shall not be used in textile articles, gloves, footwear, female hygiene products, 
childcare articles and nappies, when the concentration is greater than the equivalent of 0.1% by weight 
of tin. 
Jan 2015 Tri-substituted organostannic and DBT compounds shall not be applied to some articles and mixtures 
for supply to the general public, such as: silicones, sealants, adhesives, soft PVC profiles, some items 
paints/coatings, PVC coatings, outdoor rainwater pipes, gutters and fittings, covering material for 
roofing and façades. 
 
As a consequence of the measures implemented in several developed countries 
partially prohibiting the use of TBT, and above listed on Table 5, some recovery of 
severely affected gastropods and oysters populations was observed (Alzieu 1998; Evans 
et al. 2000; Minchin et al. 1995). Nevertheless, several studies reported that imposex and 
TBT levels around ports (for instance in south and south-west Wales or Ireland) didn’t 
decrease and those locations were TBT pollution hotspots (Horita et al. 1998; Minchin et 
al. 1995). In Portugal, the partial ban of TBT was not effective on reducing pollution levels; 
in fact an increase on the incidence of imposex levels in Nucella lapillus was reported 
between 1995 and 2000 (Barroso et al. 2002; Santos et al. 2002). 
In spite of the banning or regulation of the TBT use in some countries, contamination 
continues, and environmental concentrations remain high enough to warrant continued 
concern, mainly due to failure of legal restrictions in various countries (Hoch 2001; Okoro 
et al. 2011). Also the use of TBT as additives in a range of consumer products (e.g. wood 
preservatives, antifungal in textiles and industrial water systems) continues to increase 
(Santillo et al. 2001), constituting a major problem of concern to public health worldwide. 
 
 
1.5 TBT resistance in bacteria 
Despite the severe impact of TBT on the living organisms, several studies have 
reported the existence of TBT resistant bacteria isolated from water and sediment (Cruz et 
al. 2007; Dubey et al. 2006; Hernould et al. 2008; Jude et al. 1996; Martins et al. 2005). 
TBT resistant bacteria has been defined as being able to grow in the presence of an 
amount of TBT which kills 90%, or more, of the culturable population (Cooney 1995). 
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Since chemical, biological and physical conditions can influence TBT toxicity, this 
definition should be adjusted to each individual situation (Cooney 1995). For example, 
8.4 !M and 50 !M of TBT were considered the barrier of toxic concentrations by Wuertz 
et al. (Wuertz et al. 1991) and Cruz et al. (Cruz et al. 2007) experiments, respectively. 
The list for TBT resistant bacteria is large, including for instance members of the 
genera Escherichia, Pseudomonas, Proteus, Serratia, Alcaligenes, Aeromonas among the 
Gram negative and Staphylococcus, Bacillus, Mycobacterium, Vibrio, among the Gram 
positive bacteria (Cruz et al. 2007; Dubey and Roy 2003; Jude et al. 1996). Despite the 
heterogeneity observed in the TBT resistance profile of Gram negative and Gram positive 
bacteria, the former are generally more resistant to TBT (Cruz et al. 2007; Mendo et al. 
2003) what could be related with the different architecture of bacterial cell. 
Four hypothesis were proposed by Dubey and Roy (2003) regarding TBT resistance in 
bacteria: (i) transformation into less toxic compounds, such as dibutyltin (DBT) and 
monobutyltin (MBT) by dealkylation mechanisms; (ii) exclusion/efflux from the cell, 
mediated by membrane proteins; (iii) degradation/metabolization using it as a carbon 
source; (iv) bioaccumulation, without breakdown using metallothionein-like proteins. Still, 
the cellular and molecular mechanisms involved in TBT resistance are unclear. In fact, it 
seems consensual that different resistance mechanisms can be present among bacterial 
genera, and also in the same strain or species (Cruz et al. 2010; Jude et al. 2004). 
The association between plasmids and TBT resistance has also been reported. Since 
some TBT-resistant organisms lack plasmids it seems that TBT-resistance is not plasmid-
mediated. However, when the TBT-resistant Pseudomonas aeruginosa, was cured of its 
plasmid (pCRO1), the TBT resistance ability was lost (Cooney 1995). Thus, it seems that 
in some bacteria TBT-resistance can be plasmid-mediated. 
Table 6 summarizes the genetic determinants for TBT resistance described to date. 
Accordingly, in 1995, it was reported in Alteromonas sp. M1 the presence of two 
polypeptides that were induced in cells cultured with TBTCl. Thus its involvement in 
resistance of M-1 strain was proposed. Additionally, TBTCl added to the medium was 
taken up by the bacteria; however, the amount of TBTCl in the cellular fraction was low 
after the logarithmic phase, suggesting the existence of a TBTCl-efflux system (Suzuki 
and Fukagawa 1995). Later, Jude and collaborators (2004) identified in Pseudomonas 
stutzeri, by cloning in Escherichia coli, an operon tbtABM associated with TBT resistance. 
That operon is homologous to the resistance-nodulation-cell division (RND) efflux pump 
family and appeared to be specific to P. stutzeri, although the operon was not 
systematically present in this species. Indeed, only half of the environmental TBT-resistant 
P. stutzeri studied carried tbtABM. Furthermore, it was suggested by the authors that in P. 
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stutzeri different TBT resistance mechanisms and/or different efflux systems are present 
in this strain. Four years later, in 2008, the AheABC efflux pump was associated with the 
intrinsic multidrug resistance of Aeromonas hydrophila. The AheABC system showed to 
be involved in the multidrug resistance phenotype of A. hydrophila, albeit at low levels. 
This report was the first functional analysis of a multidrug efflux pump belonging to the 
RND family in Aeromonas spp. (Hernould et al. 2008). Also in Aeromonas molluscorum 
Av27, one gene, Av27-sugE was reported to confer resistance to a sensitive E. coli 
HB101 (Cruz et al. 2010). This gene is located in the chromosome and encodes for SugE 
protein that has high homology with Small multidrug resistance (SMR) proteins. This was 
the first time that TBT was reported as a substrate for SMR proteins. In P. aeruginosa 
25W, four genes, namely ribosomal protein gene, ribosome-modulation factor gene and 
cold-shock protein gene and elongation factor Tu gene were associated with TBT 
resistance. These results were obtained from DNA microarray analysis (Fukushima et al. 
2010). 
 
Table 6. Genetic determinants involved in TBT resistance described to date. 
Strain Genetic determinant for TBT resistance Reference 
Alteromonas sp. M-1 • Two polypeptides of 12 and 30 kDa, possibly 
associated with cell membrane 
• Possibly possess an efflux system for TBTCl 
(Suzuki and Fukagawa 1995) 
Pseudomonas stutzeri • Operon tbtABM, homologous to the resistance-
nodulation-cell division (RND) efflux pump family 
(Jude et al. 2004) 
Aeromonas hydrophila • AheABC efflux pump (Hernould et al. 2008) 
Aeromonas molluscorum Av27 • sugE gene, homologous to Small multidrug 
resistant (SMR) proteins family 
(Cruz et al. 2010) 
Pseudomonas aeruginosa 25W • Up-regulated genes, as ribosomal protein, 
ribosome-modulation factor, cold-shock protein 
and elongation factor Tu genes 
(Fukushima et al. 2010) 
 
 
1.5.1 Small multidrug resistance (SMR) proteins 
Small multidrug resistance (SMR) proteins are integral membrane proteins located 
within the plasma membranes of most Bacteria and Euryarchaea (Bay and Turner 2009) 
that confer resistance to a variety of quaternary ammonium compounds (QAC) in addition 
to other lipophilic cations and also a variety of antibiotics (Bay et al. 2008). SMR proteins 
have been identified on chromosomes, plasmids, and integrons, indicating that members 
of this transporter family have a wide structural and functional diversity (Bay et al. 2008). 
The SMR protein family is one of the many secondary active multidrug transporters in 
Bacteria (Bay and Turner 2011) and it is distinct from any other multidrug transporter due 
the short length (105-150 amino acids) (Bay et al. 2008). These proteins are believed to 
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span the cytoplasmic membrane as four transmembrane (TM) !-helices with short 
hydrophilic loops making them very hydrophobic, a characteristic that permits their 
solubilisation in organic solvents (Bay et al. 2008). 
The SMR protein family comprises three major protein subclasses: small multidrug 
proteins (SMP), suppressor of groEL mutations (SUG), and paired SMR proteins (PSMR), 
as revised by Bay and co-workers (2008). Only SMP and SUG subclass members are 
capable of conferring isogenic quaternary cation compounds (QCC) resistance to its host. 
 
 
1.5.1.1 Supressor of groEL mutations (SUG) 
SUG subclass is poorly studied and understood. SugE protein is a member of this 
subfamily. It was firstly described and identified as a suppressor of groEL mutation and 
additionally it could mimic the effect of GroEL over-expression in Klebsiella pneumoniae 
(Greener et al. 1993). GroEL, homologous to Hsp60 (eukaryotic heat shock protein), is 
part of the GroEL/GroES chaperone complex in bacteria. Under natural circumstances 
and/or due to cellular damage, caused by heat shock or other stress conditions, 
chaperons assist in the proper folding of proteins (Georgopoulos 2006). Thereafter, SugE 
was included in the SMR family due to the sequence homology with others SMR proteins, 
namely EmrE (Bay et al. 2008). In E. coli, SugE and EmrE share 27% sequence identity 
and 52% sequence similarity (Sikora and Turner 2005). However, SugE is not capable of 
recognizing or transport the diverse QAC and lipophilic dyes demonstrated by other SMP 
proteins (Chung and Saier 2002). QCC resistance experiments of SugE demonstrate that 
it has a narrow QCC substrate range, that includes antiseptics, cetylpyridinium, 
cetyldimethylethyl ammonium and cetrimide (Bay and Turner 2011). However, other 
substrates for SMR proteins have also been described, namely ethidium bromide, 
proflavine, crystal violet, cetylpiridinium chloride, chloramphenicol and tetracycline (Jack 
et al. 2000). 
The drug transport is mediated via electrochemical proton gradient force (Paulsen et 
al. 1996a; Paulsen et al. 1996b; Yerushalmi et al. 1996), and therefore SugE is classified 
as a proton-dependent multidrug efflux system (Paulsen et al. 1996a). 
Mutagenesis assays showed that mutations in key residues of SugE, equivalent to 
those conserved in the SMP subclass (Figure 4), resulted in mutant clones that became 
hypersensitive to all the drugs tested (Son et al. 2003). 
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Figure 4. Topological models of: (A) EmrE and (B) SugE. The unique SMR signature sequence motifs are 
indicated in green and completely conserved residues across the SMR proteins in red. The pink residues 
highlighted indicate conserved residues in each subfamily of SMRs, which were targeted for mutagenesis to 
convert a SugE into a EmrE (adapted by Tânia Caetano from Son et al. 2003). 
 
If histidine-24 (conserved in the SUGs) is replaced by a glutamate (conserved in the 
SMPs), the exchange of a positively charged residue for a negatively charged, leads to a 
hypersensitivity to the more positively charged compounds (Son et al. 2003). In the SMP 
protein QacC from Staphylococcus aureus, the mutation of Glu-24 demonstrated that this 
residue is involved in determining the specificity of drug resistance (Grinius and Goldberg 
1994). These evidences together with other experiments performed with EmrE (Grinius 
and Goldberg 1994; Muth and Schuldiner 2000; Paulsen et al. 1996b) reveal that some 
conserved residues in SugE and EmrE are involved in the binding of the drug to the 
protein. 
 
 
1.6 TBT degradation by abiotic and biotic factors 
Environmental surveys from different locations worldwide revealed the presence of 
TBT in three main compartments of the aquatic ecosystem: the surface microlayer, the 
water column and the sediments (Dubey and Roy 2003; Gadd 2000).  
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In the marine water column TBT can be rapidly degraded to DBT and MBT with a half-
life of several days. In estuarine waters the typical half-life of TBT is 6 to 7 days at 28°C; 
however, in deeper sediments the degradation is much slower (1.9 to 3.8 yr) (Gadd 2000). 
It is also known that aerobic/anaerobic conditions also determine the half-life of TBT. 
Thus, under aerobic conditions, tributyltin takes one to three months to be degraded but 
persists longer under anoxic conditions as so, the half-life of TBT in water is about three 
months but it can range from 6 months to 8.7 years in anaerobic sediments (Sternberg et 
al. 2010). 
Organotin degradation involves the sequential removal of organic groups from the tin 
atom (dealkylation), which generally results in a reduction of toxicity (Antizar-Ladislao 
2008; Cooney 1995; Gadd 2000) (Table 7). 
 
Table 7. Schematic representation of the degradation of TBT via successive dealkylation (adapted from 
Antizar-Ladislao 2008) in DBT, MBT and inorganic Sn. 
Compound Chemical structure Enzyme 
 
 
Rates of TBT degradation may be influenced by several biotic and abiotic factors, 
such as the nature and density of microbial population, TBT solubility, 
dissolved/suspended organic matter, pH, salinity, temperature and light (Dubey and Roy 
2003). 
The Sn-C bonds are stable in the presence of water, atmospheric oxygen and heat. In 
fact, OTs are reported to be stable at temperatures up to 200ºC (Sheldon 1975). Still, UV 
radiation, strong acids and electrophilic agents readily cleave the Sn-C bonds (Hoch 
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2001), being UV and chemical cleavage the most significant abiotic factors in the aquatic 
and terrestrial ecosystems (Gadd 2000). 
Several inorganic and organic compounds naturally present in water or sediments, 
such as mineral and carboxylic acids or iron (III) act as photocatalysts and promote the 
abiotic degradation of TBT. Photodegradation alone proceeds slowly, with a half-life of > 
89 days (Maguire and Tkacz 1985). It is known that light stimulates degradation when 
microalgae are present and nutrients are added (Cooney 1995), supporting the thesis that 
sunlight radiations enhance the degradation of TBT through the stimulation of biological 
activity (Tessier et al. 2007). Also, the interaction of microorganisms with tributyltin 
compounds has been reported to be significantly influenced by the environmental 
conditions. 
In aquatic ecosystems, both pH and salinity can determine the bioavailability of TBT 
and, consequently its biologic activity and degradation. 
Cooney and collaborators (1989) observed that the increase of sodium chloride 
(NaCl), reduced the TBT toxicity, possibly due the presence of Na+ and Cl- ions, that 
results in osmotic responses by microorganisms, that include alterations in the 
intracellular solute and in the composition of cellular membrane. Gadd (2000) reported 
that TBT toxicity is reduced by salinity levels close to those of seawater emphasising the 
significance of environmental factors in organotin toxicity determination. 
Gadd also reported (2000) that with the marine yeast Debaryomyces hansenii, the 
toxicity of butylated compounds varied, and this was strongly related to external pH. 
Maximal toxicity occurred at pH 6.5 for mono- and tributyltin, while dibutyltin was effective 
at pH 5.0, with toxicity markedly decreasing above or below these values. 
The metabolization of a compound generally reduces its persistence; increasing 
removal or elimination, resulting in a reduction of toxicity. In general, biodegradation by 
organisms such as bacteria, fungi, cyanobacteria and algae are assumed to be the main 
process responsible for TBT breakdown in both water column and sediments (Dowson et 
al. 1996; Maguire and Tkacz 1985; Tessier et al. 2007). Several studies have been 
published reporting TBT degradation by different organisms, for instance: Tramatis 
versicolor, Chaetomium globosum (Barug 1981), Coniophora puteana, Coriolus versicolor 
(Dubey and Roy 2003) and Cunninghamella elegans (Bernat and Dlugonski 2006) among 
fungi, Pavlova lutheri (Saint-Louis et al. 1994), Chlorella vulgaris and Chlorella sp. (Tsang 
et al. 1999) among algae, and P. aeruginosa (Barug 1981), A. faecalis (Barug 1981), P. 
diminuta (Kawai et al. 1998) and Enterobacter cloacae (Sakultantimetha et al. 2010) 
among bacteria. However, the use of those organisms for decontamination of TBT in the 
natural environment was not reported yet. Thus, deeper investigation is still required. 
General Introduction 
 33 
1.7 Bioremediation of contaminated environments 
The concept of bioremediation is based on the utilization of the metabolic potential of 
microorganisms to clean up contaminated environments (Watanabe 2001). In fact 
microorganisms play important roles in the environmental fate of toxic metals and 
metalloids with a multiplicity of physicochemical and biological mechanisms (Gadd 2004). 
One important characteristic of bioremediation is that it is carried out in non-sterile 
open environments that contain a variety of organisms (Watanabe 2001). Thus bacteria 
that possess the capability to degrade pollutants, have a central role in bioremediation 
(Watanabe 2001). 
The major benefit of bioremediation is the low cost relatively to physicochemical 
strategies. Additionally, it is a non-invasive and it is permanent leaving the ecosystem 
intact. Bioremediation also presents advantage when applied at contaminated sites with 
low toxic concentration, which would be impracticable when conventional remediation 
techniques are used. However, bioremediation has some drawbacks that can limit its 
application, as for instance, the longer time necessary and its results and consequences 
are less predictable than conventional methods (Perelo 2010). 
Strategies for bioremediation can include: (i) monitored natural recovery (MNR): using 
the “self-healing” natural capacities of the indigenous microbial population in combination 
with natural occurring physical and chemical processes; (ii) biostimulation: encouraging 
the indigenous population by influencing the factors which affect microbial growth; (iii) 
bioaugmentation: introducing appropriate species for the degradation of specific 
contaminants; and (iv) phytoremediation: using plants and algae in the degradation and 
removal of contaminants from the environment (Perelo 2010). The combination of 
bioremediation strategies may also be applied as, for example phytoremediation and 
biostimulation. The use of plants can also enhance the activity of degrading 
microorganisms in their root system by a so called rhizoremediation. 
To further improve the bioremediation processes, a deeper understanding of the 
microbial ecology of the contaminated places is necessary (Watanabe 2001). With that 
purpose, molecular ecological studies are useful for development of strategies to improve 
bioremediation and for evaluating its consequences. In fact, molecular tools are mainly 
useful in bioaugmentation, in which exogenous microorganisms are introduced to 
accelerate pollutant biodegradation, and where monitoring tests are necessary (Watanabe 
2001). Studies to understand the interaction between xenobiotics and organisms and on 
the fate, survival and activities of microorganisms in the environment have to intersect 
with the biochemical and genetic engineering studies. Such a type of association will 
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provide the ground for successful interventions into environmental processes and, 
thereby, lead to optimized strategies for bioremediation (Pieper and Reineke 2000). 
Worldwide, it has been realized that pollution prevention is more economical and 
socially responsible than clean up. 
 
 
1.8 Bioreporters 
The increasing number of potentially harmful pollutants in the environment calls for 
fast and cost-effective analytical techniques to be used in extensive monitoring programs 
(Rodriguez-Mozaz et al. 2005). While chemical and physical methodologies can be 
powerful, accurate and sensitive, they are also costly, time-consuming and require 
specialized laboratories and a complex sample preparation (Gueuné et al. 2009; 
Hynninen et al. 2010). Additionally they fail to provide data on the bioavailability – the 
biologically relevant fractions that influences the cell and is capable of passing through 
cellular membranes - of a pollutant and its effects on living systems (Hynninen and Virta 
2009). Thus, bioreporters are being developed providing the information on the presence 
of a chemical but also its bioavailability and its biological effects (Hynninen et al. 2010). 
Also, when necessary, bioreporters complement the classical analytical methods 
(Rodriguez-Mozaz et al. 2005). 
Bioreporters are genetically modified living microorganisms, that produce a specific 
quantifiable output in response to target chemicals (Hynninen et al. 2010). They can be 
broadly divided into three groups, based on the detection specificity: (i) nonspecific 
bioreporter which is useful for measuring the toxicity of samples, but cannot provide 
information about the identity of the pollutant; (ii) semi-specific bioreporter, allows the 
detection of compounds that cause a certain cellular responses, such as stress or DNA 
damage, without characterizing the contaminant; and (iii) specific bioreporter, that only 
respond to a certain compound or class of compounds and therefore allow for a 
quantitative analysis on the contaminant concentration (Hynninen et al. 2010). 
Generally a bioreporter is constructed by fusing a reporter gene to a promoter element 
that is induced by the presence of a target compound (Keane et al. 2002) (Figure 5). This 
genetic information, located on a plasmid vector, is then inserted into a bacterial strain, 
where it may be integrated into the chromosome or remain in the plasmid (Keane et al. 
2002). 
The sensor element, responsible for recognizing the presence of the analyte, 
determines the specificity (which compound is detected) and sensitivity (what 
concentrations are detectable) of the bioreporter (Hynninen and Virta 2009). 
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Figure 5. Schematic representation of signal transmission in a bioreporter. 
 
The main advantages of the biosensors over other types of sensors are their 
specificity of response and, in some cases, their ability to work in very polluted 
environments (Rodriguez-Mozaz et al. 2005). However, some limitations are also 
recognized. One of those limitations is that correlations between contaminant 
concentrations and light intensity that can only be semi-quantitative. Nevertheless, this 
can be partly solved by the development of adequate controls, and by a better 
understanding of the factors that influence cell metabolism and the biochemistry of the 
light emission reaction (Keane et al. 2002). 
Several reporter genes are currently used and their selection usually depends on their 
application. Usually luciferases (such as luc and lux) and fluorescent proteins (such as 
GFP) are used to construct bioreporters. 
The firefly luciferases gene (luc also named lucFF) from Photinus pyralis is a single 
polypeptide that has been widely used. In P. pyralis, the luciferases enzyme catalyzes two 
steps: D-luciferin reacts with adenosine triphosphate (ATP) to form the intermediate 
luciferyl-AMP, which is the substrate that reacts with molecular oxygen to produce AMP, 
CO2, and an excited oxyluciferin that emits light at 560 nm (Wood and Gruber 1996). The 
genes of the bacterial luciferase operon (luxCDABE) were obtained, for instance, from the 
marine bacteria Vibrio fisheri and Vibrio harveyi, or from the terrestrial bacterium 
Photorhabdus luminescens (Hakkila et al. 2002). The genes luxA and luxB encode for the 
! and " subunits of the enzyme luciferase. The complete genetic systems also 
incorporate a mechanism for recycling the fatty acid to the aldehyde substrate. The multi-
enzyme fatty-acid reductase responsible for this process consists of three proteins: a 
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reductase encoded by luxC, a transferase encoded by luxD, and a synthethase encoded 
by luxE (Szittner and Meighen 1990). In this case the light emission is at 490 nm (Hakkila 
et al. 2002). 
Although firefly luciferase is more efficient in the conversion of chemical energy into 
light, constructs with luc genes have some shortcomings when used in bacterial cells 
(Keane et al. 2002). For example, if the operon luxCDABE is used as reporter gene, no 
substrate addition is needed before measurement, whereas the luc requires the addition 
of the substrate D-luciferin prior to measurement (Hakkila et al. 2002). Furthermore, 
usually the optimal temperature of growth of the host cell is used for bioreporter 
measurements. Nonetheless eukaryotic organisms from which the luciferases genes are 
isolated have different optimum growth temperature than those used for bacteria growth. 
Firefly luciferase has an optimum temperature around 25ºC, and is thermally inactivated 
above 30ºC. So, the enzyme is not stable at the temperature at which the protein 
synthesis machinery of several commonly used bacterial strains operate efficiently (e.g. 
30ºC for Pseudomonas putida and 37ºC for Escherichia coli). On the contrary, the 
luciferase encoded by the lux genes is stable at temperatures up to 42ºC (Keane et al. 
2002). 
The green fluorescent (GFP) is involved in the bioluminescence of cnidarians, and 
was cloned from the jellyfish Aequorea Victoria (Prasher et al. 1992). It is responsible for 
the emission of green light. GFP is a single polypeptide with 238 amino acids that is 
unique among light-emitting proteins since it does not require the presence of any 
cofactors or substrates (Keane et al. 2002). A wide range of mutant forms of GFP have 
been developed, including variants that are blue-, cyan-, red-, and yellow-shifted, so that 
several different colours can be detected simultaneously in living bacteria. These 
engineered proteins can be used to monitor several cellular events at once (revised by 
Keane et al. 2002). 
Fluorescent proteins do not participate in cell metabolism and are fluorescent also in 
nonviable cells (Hakkila et al. 2002), thus constituting a great advantage. For instance, 
depending on the application, the goal of fluorescence-based bioreporters is to convert a 
molecular event into an optical signal that can be detected by a microscope (Palmer et al. 
2011). 
Although luminescence signals are weaker than corresponding fluorescence signals, 
which require sensitive signal detection, luminescence avoids the high background of 
cellular autofluorescence, and hence has a better overall signal-to-noise ratio. Therefore, 
luminescence based sensors might be a more appropriate choice for high throughput 
screening and in vivo imaging (Palmer et al. 2011). 
General Introduction 
 37 
An ideal bioreporter should be able to provide accurate and sensitive results in a few 
minutes, and be suitable for a portable format. To date, however, the shortest times of 
detection still take more than a few minutes, despite the improvements carried out using 
the available molecular biology tools (Roda et al. 2011). In most of the assays the results 
are obtained within 30-180 min (Magrisso et al. 2008). 
An additional advantage would be if no substrate was required by the reporter protein 
(Hakkila et al. 2002), as is the case of lux and GFP proteins. 
Generally the luminescent proteins are better applied for rapid uses. The use of 
fluorescent proteins in whole-cell bacterial sensors is restricted, especially in applications 
that involve sensitive detection (Hakkila et al. 2002). 
Numerous bacterial bioreporters have been developed over the past decades. 
However, their application to monitor natural samples is still scarce, partly due to low 
sensitivity and lack of specificity. Therefore the performance of bioreporters still needs to 
be improved. Since biosensor sensitivity and specificity depend basically on the properties 
of the biorecognition elements, the development of improved molecular recognition 
elements to modify the sensing element is fundamental (Rodriguez-Mozaz et al. 2005). 
Other strategies that would improve a bioreporter performance include enhancing the 
intake of the contaminant into the cell while hindering the export of detectable ions from 
the cell (Hynninen and Virta 2009). 
 
 
1.8.1 Bioreporters for TBT 
Several analytical methods are used to detect organotin compounds. Among those 
gas chromatography (GC) in combination with mass spectrometry (MS) or flame 
photometric detection (FPD, tin selection) are the most frequently used techniques 
(Abalos et al. 1997). As referred before these methods are sensitive, but time consuming, 
expensive and require specialized laboratory and professionals to handle and process the 
samples (Gueuné et al. 2009). 
Since TBT is one of the most toxic compounds that have to be banned worldwide, 
monitoring its presence is required and the conventional techniques do not seem to be the 
solution. Thus, some TBT bioreporters have been developed and are listed in Table 8. 
The existing TBT bioreporters still have limitations, namely lack of specificity or sensitivity 
and low time of response. Also, a bioreporter that is developed using an environmental 
strain is always a benefit, to avoid disturbance of the bacterial community (D’Souza 2001; 
Keane et al. 2002) and, more importantly, the strain is better adapted to the environmental 
conditions (Brown et al. 1991; Hynninen and Virta 2009; Keane et al. 2002; Mountfort et 
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al. 2007). Information on the use of the already constructed bioreporters in environmental 
samples is not available. E. coli TBT3 was tested on antifouling paints (Gueuné et al. 
2009), but not on natural samples. Also, protoplasts of Halomonas sp. and B. purilis, both 
environmental strains, were used to develop a TBT bioreporter. However, the bioreporter 
was not very sensitive and requires many optimizations in order to be used with natural 
samples (Mountfort et al. 2007). Therefore, the search for new sensor elements and new 
host bacterial cells to developed new TBT bioreporters is imperative. 
 
 
1.9 Objectives of this thesis 
TBT resistance mechanism in bacteria is still unclear, despite the several hypotheses 
that have been raised by several authors. Considering this, the main goal of this thesis is 
to contribute to elucidate this resistance mechanism in Aeromonas molluscorum Av27. To 
that end several experiments were conducted in order to clarify the following aspects: 
 
! What is the TBT resistance profile of estuarine bacteria isolated from a moderately 
TBT-contaminated site of Ria de Aveiro? Are TBT resistant bacteria able to degrade TBT 
in laboratory conditions? 
! How can TBT affect growth and metabolic activity of TBT resistant and sensitive 
bacteria? 
! Which gene(s) is/are involved in TBT resistance? 
! Could the genes involved in TBT resistance be used to construct a bioreporter to 
detect TBT? 
! Could A. molluscorum Av27 be used in TBT bioremediation processes? Are any of 
the genetic and phenotypic characteristics of this bacterium a limitation for its use in 
bioremediation processes? 
 
These questions will be answered along the various chapters of this thesis, where the 
strategies employed and the main results obtained are presented. 
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2.1 Abstract 
Organotin compounds are used in a variety of industrial processes therefore their 
subsequent discharge into the environment is widespread. 
Bacteria play an important role in biogeochemical transformations acting as natural 
decontamination agents. Therefore, screening for tributyltin (TBT)-resistant and -
degrading bacteria is relevant for the selection of isolates with decontamination ability of 
these polluted areas. With this purpose, fifty strains were isolated from sediment and 
water from Ria de Aveiro and their tolerance to TBT, up to 3 mM, was evaluated. 
Generally, occurrence of highly TBT-resistant bacteria was observed, and Gram negative 
bacteria exhibited more tolerance to TBT than Gram positive bacteria. A memory 
response was observed when bacteria were progressively exposed to increasingly higher 
TBT concentrations. One isolate, Aeromonas molluscorum Av27, highly resistant to TBT 
(3 mM) uses this compound as carbon source and degrades it to less toxic compounds. 
 
 
2.2 Introduction 
Tributyltin (TBT) is an organotin compound broadly applied as fungicide, bactericide, 
pesticide, wood preservative, PVC stabilizer and component of antifouling paints. 
Although the production, use and export of TBT have been prohibited in developed 
countries since the 1990s by the International Maritime Organization (IMO), some 
countries have continued to utilize this agent until its complete prohibition, which was 
scheduled to go into effect in 2008 (Rudel 2003). Consequently, TBT pollution has been 
recognized as a serious problem around the world. 
Ria de Aveiro is an important estuarine system on the north-west coast of Portugal. It 
is a shallow system that occupies an area of 43 km2 at low tide and its bottom consists 
mainly of muddy sediments. The most important sources of organotin pollution are the 
port, dockyards and marinas, where TBT levels range from 9-42 ng TBT-Sn L-1 in the 
water and up to 88 ng TBT-Sn g-1 dry weight total sediment (Barroso et al. 2000). 
Organotins can be highly toxic to many eukaryotic and prokaryotic organisms and 
have also been identified as immune system inhibitors and endocrine disruptors in 
humans (Dubey and Roy 2003; Dubey et al. 2006; Gibbs and Bryan 1996). In many 
aquatic organisms, its toxic effect is also recognized; the concentration of 1–2 ng L-1 
(nanomolar level) causes growth suppression, immunosuppression, and imposex in 
higher animals (Hoch 2001; White et al. 1999). 
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Generally, trisubstituted organotins (TBT) are more toxic than di- (DBT) and 
monosubstituted (MBT) compounds, and seem to exert toxicity through their interaction 
with membrane lipids. It has been reported that organotin compounds are toxic to both 
Gram positive and Gram negative bacteria collected from sediment; nevertheless, the 
former showed increased sensitivity to triorganotins (Mendo et al. 2003). 
Several mechanisms have been proposed that could be involved in TBT resistance in 
bacteria: (i) transformation into less toxic compounds (DBT and MBT) by abiotic and biotic 
mechanisms (Clark et al. 1988; Dowson et al. 1996; Pain and Cooney 1998); (ii) exclusion 
of the compound from the cell mediated by a multidrug efflux pump (Jude et al. 2004); (iii) 
degradation/ metabolic utilization as a carbon source (Kawai et al. 1998); and (iv) 
bioaccumulation into the cell without breakdown of the compound (Fukagawa et al. 1994). 
The catabolic activities of introduced microorganisms play an important role in 
bioremediation technologies for the restoration of polluted environments (Heinaru et al. 
2005). In this context, a given bacterial population might perform the reverse reaction on 
tin compounds by demethylation or methylation of TBT into less toxic derivatives (Jude et 
al. 2004). Given the function played by bacteria in biogeochemical cycles, the 
identification and characterization of TBT pollutant-degrading bacterial strains is crucial. 
Knowledge of their physiology and genetics is fundamental for their future application as 
natural decontamination agents. 
In the present study we aimed to isolate and identify bacteria resistant to TBT that 
could be used and developed as biosensors for TBT pollution. The ability to degrade TBT 
into DBT and MBT (less toxic compounds), and its use as carbon source, was evaluated 
on selected bacteria. One particular isolate, A. molluscorum Av27, seems to fulfill all the 
characteristics needed for its future application as a TBT sensor and also for the 
remediation of TBT polluted areas. 
 
 
2.3 Materials and Methods 
2.3.1 Bacterial isolation and identification 
Bacterial strains were isolated from sediment (November 2001) (Mendo et al. 2003) 
and water (Janeiro 2004) from Ria de Aveiro, a shallow estuarine system, near Aveiro 
(40º38’N, 8º41’W), in the north-west coast of Portugal. The TBT concentrations recorded 
were 88 ng Sn g-1 and 32 ng Sn L-1 in sediment and water, respectively (Barroso et al. 
2000). 
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Sediment cores (10 cm in diameter and 5 cm depth) were used to collect the sediment 
that was extruded into sterile flasks and processed immediately. Bacteria were isolated by 
the following steps: 10 g of sediment were mixed with 100 mL of sterile artificial seawater, 
for 30 min; serial dilutions, up to 10-10, were plated on Tryptic Soy Agar (TSA) (Merck, 
Germany), Plate Count Agar (PCA) (Merck, Germany) and Marine Broth Agar (MBA) 
(Difco, USA); Petri dishes were incubated overnight at 20ºC. 
Water samples were collected from overlaying water (20 cm) using an immersed 
sterile bottle during the flood tide. Samples were transported to the laboratory and 
processed within 4 h. Bacteria were isolated by following steps: serial dilutions up to 10-6 
in sterile artificial seawater were spread in MBA, TSA and PCA; plates were incubated 
overnight at 20ºC. 
Morphologically different colonies were picked from the plates and re-streaked on the 
same medium to ensure purity. Fifty isolates were selected and identified using Biolog 
Microlog 3 4.01 C, Vitek® 2 and API® systems (bioMérieux, USA). Whenever necessary, 
16S rDNA sequence was determined after PCR amplification of the corresponding 
amplicon (Muyzer et al. 1993). Nucleotide amino acid sequences were analysed using 
BioEdit Sequence Alignment Editor (Isis Pharmaceuticals, USA) and the BLAST program 
available from the National Institute for Biotechnology Information server 
(http://www.blast.genome.ad.jp). Strains were maintained in TSA and MBA plates at 4ºC 
and were transferred monthly to fresh medium. Long-term storage was performed in 45% 
glycerol at -70ºC. 
 
 
2.3.2 TBT sensitivity 
Gradient plates were prepared with TBTCl (97%) (Fluka, Switzerland) incorporated in 
TSA medium, with concentrations ranging from 0 to 3 mM (subsequently the compound 
will simply be referred to as TBT). TBT stock solution was prepared in absolute ethanol 
and stored in the dark at 4ºC. Each plate, with the dimensions of 11x11 cm, consisted of a 
first layer of TSA (50 mL) containing 3 mM of TBT that was left to stand with a slight 
inclination; after the agar has solidified, 50 mL of TSA were layered on the top of the first 
layer (adapted from Metzenberg and Grotelueschen 1992). Bacteria to be tested were 
grown on TSB at 250 rpm (Sanyo incubator shaker) until they reached an optical density 
(OD600 nm) of 1 (approximately after 10 h of incubation) at 26ºC. A temperature of 26ºC 
was chosen, as previous experiments showed that this temperature allowed a faster 
growth of the different bacteria. Each point of the gradient griddle was inoculated with 
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2 !L of culture. The tests were repeated in triplicate for each bacterial strain in different 
gradient plates. Isolates were scored as resistant if they can grow along the gradient 
griddle. In order to confirm the results obtained by this procedure, bacteria were then 
grown on TSA plates containing different nominal concentration of TBT (0, 0.025, 0.05, 
0.075, 1, 1.5, 2, 3 mM). Plates were incubated at 26ºC for 20 h in the dark. 
Two isolates, one very resistant (Aeromonas molluscorum - Av27) and one sensitive 
(Shewanella algae/putrefaciens - Av35) were selected to compare their growth behaviour 
in liquid medium containing different TBT concentrations (0, 0.5, 1.5 and 3 mM). Growth 
occurred in TSB at 250 rpm, 26ºC for 72 h, and was recorded as a change of optical 
density at A600 nm. 
 
 
2.3.3 Memory response to progressive TBT exposure 
Bacteria that have the ability to grow on 0.05 mM of TBT were successively 
transferred to TSA plates containing increasingly higher TBT concentrations (1, 1.5 and 
2 mM). Transfer to a new media occurred after 48, 72 and 96 h, as long as growth was 
observed. Plates were incubated at 26ºC in the dark. 
 
 
2.3.4 Antibiotic and heavy-metal sensitivities 
Antibiotics to be tested were selected according to the Clinical Laboratory Standard 
Institute (CLSI) (Clinical Laboratory Standard Institute, 2005). The tests were performed 
by the Vitek® system (bioMérieux, USA). Those included: amikacin (" 2 µg mL-1), 
aztreonam (" 8 µg mL-1), cefepime (" 4 µg mL-1), ceftazidime (" 8 µg mL-1), ciprofloxacin 
(" 0.5 µg mL-1), gentamicin (" 0.5 µg mL-1), imipenem (" 4 µg mL-1), netilmicin 
(" 4 µg mL-1), pefloxacin (" 1 µg mL-1), piperacillin (" 8 µg mL-1), piperacillin/tazobactam 
(" 8 µg mL-1), ticarcillin (" 16 µg mL-1), ticarcillin/clavulanic acid (" 16 µg mL-1), tobramycin 
(" 0.5 µg mL-1) and trimethoprim/sulfametoxazol (" 10 µg mL-1). Results were interpreted 
according to the CLSI criteria (Clinical Laboratory Standard Institute, 2005). 
Heavy-metal resistance was tested using gradient plates by the incorporation of the 
selected metal in TSA medium (as previously described in section 2.3.2). Metals and 
respective concentrations selected were based on previous determinations carried out in 
Ria de Aveiro (Monterroso et al. 2003). Heavy-metal stock solutions were prepared in 
distilled water with the following molarities: Cu as CuSO4.5H20, 0.2 M; Zn as ZnCl2, 0.1 M; 
Cd as CdCl2, 0.1 M; Hg as HgCl2, 0.1 M. Final concentrations of each of the heavy-metals 
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were: 75 !g mL-1 of HgCl2, 3483 !g mL-1 of CuSO4.5H2O, 200 !g mL-1 of ZnCl2 and 
56000 !g mL-1 of CdCl2. Bacteria grew on TSB at 26ºC and 250 rpm (Sanyo incubator) 
until they reached an optical density (OD600 nm) of 1 (approximately 10 h of incubation). 
Each point of the gradient griddle was inoculated with 2 !L of culture. Tests were 
performed in triplicate for each bacterial strain in independent gradient plates. Plates were 
incubated at 26ºC for 20 h in dark conditions. Resistance profile was defined in function of 
growth observed along the gradient griddle. 
 
2.3.5 TBT degradation by Aeromonas molluscorum Av27 
To evaluate the ability of A. molluscorum Av27 to degrade TBT, a preliminary 
experiment was designed as follows: 100 mL of Marine Broth (MB) (Difco, USA) 
containing 50 µM of TBT were inoculated with 1 mL of an exponential phase culture of A. 
molluscorum (approximately 108 cells mL-1) and incubated for 24 h in an orbital shaker 
(Sanyo) at 26ºC, 250 rpm, in the dark (to avoid photo degradation of TBT) (corresponding 
to sample II). A control sample, consisted of non-inoculated medium, put in the same 
conditions (corresponding to sample I). 
After the incubation period, the bacterial culture was centrifuged at 8000 x g, for 
10 min; cells were lyophilised and kept at –70ºC until analysis (sample IIB); the resulting 
supernatant was also lyophilised and kept at –70ºC until analysis (sample IIA). Control 
sample was subjected to lyophilisation prior to storage at –70ºC, until analysis (sample I). 
Three independent replicates were performed for each experimental condition. 
Organotin determinations were performed by gas chromatography/mass spectrometry 
(GC-MS). The GC-MS method used is described in detail elsewhere (Quintela et al. 2000; 
Szpunar et al. 1996). In summary, three replicates of 0.1 g lyophilized cells/supernatant 
were digested (microwave assisted) with tetramethylammonium hydroxide. pH was 
adjusted to 5, sodium tetraethylborate and isooctane, containing tetrabutyltin as an 
internal standard, were added successively. After microwave treatment, the organic phase 
was recovered and analyzed by GC-MS. Recoveries of spiked organotins were, on 
average, 90% TBT, 98% DBT, 51% MBT. The determinations were performed at 
Servicios Xerais de Apoio á Investigación (Universidade da Coruña). 
 
2.3.6 TBT utilization as carbon source and cell viability determination 
Growth of A. molluscorum Av27 on TBT as the primary carbon source was evaluated 
as follows: 1 mL of an exponential phase culture of A. molluscorum (approximately 
108 cells mL-1) was inoculated in Minimal Medium- MM - (KH2PO4 1.0 g, MgSO4.7H20 
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200.0 mg, FeSO4.7H20 10.0 mg, CaCl2 10.0 mg, vestigial elements (Mn, Mo, Cu, Co, Zn) 
as organic salts, 0.02 mg of each, NH4Cl 1.0 g, distilled water to 1 L, pH 6.0) containing 
different concentrations of the TBT (0, 1.5, 3 mM) and incubated at 26ºC and 250 rpm 
(Sanyo incubator shaker) for 72 h, in the dark. 
TBT stock solution was prepared in absolute ethanol; therefore, a control was 
prepared using the same volume of ethanol (30 mL L-1), to assure that the cell growth was 
supported by TBT. At 3 h intervals, 1 mL aliquots were withdrawn from the culture. Optical 
density was monitored at 600 nm (A600 nm), using a Lambda 16 Spectrophotometer (Cary 
50B.O UV-visible spectrophotometer-Varian). Three independent replicates were 
performed for each experimental condition. 
Bacterial cells viability was determined, using 1 mL of bacterial cultures 
(approximately 108 cells mL-1) grown in MM with (3 mM TBT) and without TBT. Three 
microliters of the dye mixture (propidium iodide and SYTO 9, LIVE/DEAD® BacLightTM of 
bacterial viability kit, Molecular Probes) was mixed with water to a final concentration of 
30 !M propidium iodide and 5.01 !M Syto 9. The samples were incubated for 15 min in 
the dark at room temperature (RT), according to the manufacturer’s instructions, filtered 
through 0.2 !m black polycarbonate membranes (Poretics) and mounted between a slide 
and cover slip with BacLight mounting oil (Molecular Probes). The green (intact 
membrane) and red (damaged membrane) were enumerated after 18-24 h using 
epifluorescence microscopy. Ten microscope fields or at least 200 cells were enumerated 
for each of 3 replicate samples. 
 
 
2.4 Results 
2.4.1 Bacterial isolation, identification and TBT sensitivity 
Fifty morphologically different strains were isolated from water and sediment samples 
collected at Ria de Aveiro. Forty six of those isolates were identified, whenever possible, 
to the species level (Table 9). Four strains could not be identified. Growth along a TBT 
gradient, in solid medium showed that the sensitivity of the different strains to this 
compound was very heterogeneous (Table 9). No consistency was observed at the 
species level, among the isolates in respect to their TBT resistance profile. At the genera 
level similar results were observed; for instance, in Bacillus (Av1, 2, 3 and 4) and 
Brevibacterium (Av5 and 6), where species belonging to same genera have a different 
behaviour in respect to TBT resistance. Among the isolates, 16 strains could grow on 
concentrations of up to 3 mM. Those strains belong to various genera. Some strains could 
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not grow at all in the gradient plates. Nevertheless this may be due to some diffusion of 
the compound through the agar which means that TBT concentration never equals zero in 
the gradient plate and, therefore, growth is impaired even when the concentration is 
apparently close to 0. Thirteen strains were able to grow at intermediate TBT 
concentrations (0.025 mM - 0.05 mM TBT) and, once again, significant divergent 
resistance profiles were observed in bacteria belonging to the same genera. Overall, the 
percentage of Gram positive bacteria isolated that were sensitive to TBT (no growth) was 
43.5% whilst Gram negative bacteria represented only 7.4%. Although the samples were 
collected at the same site in Ria de Aveiro, no consistency was observed between 
bacteria TBT resistance profile and nature of the sample (water or sediment). Also, 
different resistance patterns were observed among bacteria isolated from water and from 
sediment. 
Despite the fact that several bacterial isolates showed resistance to high TBT 
concentrations (3 mM), only one particular isolate, Av27, identified as Aeromonas 
molluscorum, was selected for further studies, because it possesses 4 plasmids, that 
might codify for TBT resistance, and also because its total DNA was more efficiently 
digested than the DNA of other resistant isolates, which would be a crucial step for the 
molecular studies. Figure 6 compares growth of Aeromonas molluscorum (Av27), in liquid 
culture media containing different TBT concentrations, with that of Shewanella 
algae/putrefaciens (Av35- sensitive to TBT). It can be observed that strain Av27 can grow 
in the presence of high concentrations of TBT (up to 3 mM), while Av35 could not grow at 
the lowest concentration tested (0.5 mM). 
 
 
Figure 6. Growth of A. molluscorum Av27 in TSB medium with 0, 0.5, 1.5, 3 mM TBT and strain Av35 
(sensitive to TBT) in TSB medium with 0.5 mM TBT. Growth occurred at 26ºC for 72 h and 250 rpm, and it 
was monitored as a change of absorbance at 600 nm. Standard deviations are indicated in the graph. 
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2.4.2 ‘Memory response’ to progressive TBT exposure 
After the first screening for the isolation of TBT resistant strains, it was observed that 
only two Gram positive and seven Gram negative isolates could grow in 2 mM of TBT 
(Table 9). However it was noticed that, if those isolates that could not grow up to this 
concentration were successively transferred to increasingly higher TBT concentrations (up 
to 2 mM), the number of isolates increased to five Gram positive isolates and 14 Gram 
negative isolates. These results showed that, in vitro, bacteria can adapt to higher TBT 
concentrations, suggesting the existence of a ‘memory response’ to previous exposure. 
 
 
2.4.3 Antibiotic and heavy-metal sensitivity of isolate Av27 
A. molluscorum Av27 showed to be sensitive (no growth observed) to all the 
antibiotics tested (Table 10). 
Considering heavy-metal resistance pattern, A. molluscorum Av27 can grow up to 
10 µg mL-1 of HgCl2, 498 µg mL-1 of CuSO4.5H2O, 86 µg mL-1 of ZnCl2 and up to 
56000 µg mL-1 of CdCl2 (Table 10). 
 
Table 10. Antibiotic and heavy-metal susceptibilities of A. molluscorum Av27. 
Response toa (MIC values in µg mL-1) 
AMK 
! 2 
ATM 
! 8 
FEP 
! 4 
CAZ 
! 8 
CIP 
! 0.5 
GEN 
! 0.5 
IMI 
! 4 
NTL 
! 4 
PEF 
! 1 
PIP 
! 8 
TZP 
! 8 
TIC 
! 16 
TCC 
! 16 
TOB 
! 0.5 
SXT 
! 10 
S S S S S S S S S S S S S S S 
Maximum Resistance (up to "g mL-1) 
HgCl2 CuSO4.5H2O ZnCl2 CdCl2           
10 498 86 56000           
aAMK, Amikacin; ATM, Aztreonam; FEP, Cefepime; CAZ, Ceftazidime;  CIP, Ciprofloxacin; GEN, Gentamicin; IMI, 
Imipenem; NTL, Netilmicin; PEF, Pefloxacin; PIP, Piperacillin; TZP, Piperacillin/tazobactam; TIC, Ticarcillin; TCC, 
Ticarcillin/clavulanic acid; TOB, Tobramycin; SXT, Trimethoprim/sulfametoxazol. 
S: Sensitive (no growth) 
Maximum Resistance: (maximum concentration at which growth is still observed) 
 
 
2.4.4 TBT degradation by Aeromonas molluscorum Av27 
Figure 7 represents organotin degradation determined when A. molluscorum Av27 
was grown in MB over a period of 24 h. Likewise Table 11 shows the GC-MS values of 
organotin analysis. Sample I corresponds to non-inoculated culture media that was kept in 
the same conditions of incubation as the inoculated sample (sample II). It can be seen 
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that no TBT degradation occurred under these conditions and mass spectrometry values 
for DBT and MBT were below the detection limit (Table 11). Therefore, it can be assumed 
that 100% of TBT remained in this sample. Samples IIA and IIB correspond to the culture 
supernatant of a 24 h growth of A. molluscorum and to the pelleted cells, respectively. In 
sample IIA, DBT was detected (120 "g mL-1) and TBT and MBT values were below the 
detection limit, suggesting TBT degradation has occurred and that the resulting 
compounds of degradation are extruded from the cell and released to the culture media. 
Sample IIB reveals the amount of organotins that are present in the cells. The values 
correspond to about 89% of TBT (0.32 "g mL-1), 10% DBT (0.037 "g mL-1), and only 1% 
to MBT (0.0042 "g mL-1). These results suggest that either TBT remains adhered to the 
cells or part of it, that is degraded, remains in the cells. 
 
 
 
Figure 7. Percentage of organotins detected by GC-MS. Sample I: MB culture medium with 50 µM of TBT, 
incubated for 24 h, at 26ºC, 250 rpm, in the dark; Sample II: A. molluscorum Av27 culture on MB medium with 
50 µM TBT, incubated for 24 h, at 26ºC, 250 rpm; supernatant corresponds to Sample IIA and the pellet 
corresponds to Sample IIB. 
 
 
 
Table 11. Organotin determinations by GC-MS. Sample I: MB culture medium with 50 µM of TBT (24 h 
incubation); Sample IIA: supernatant of MB medium with 50 µM TBT inoculated with A. molluscorum Av27 
(24 h culture); Sample IIB: pellet of MB medium with 50 µM TBT inoculated with A. molluscorum Av27 (24 h 
culture). bdl: below detection limit. 
Organotin determinations by GC-MS  
MBT DBT TBT 
I bdl bdl 130 "g mL
-1 
IIA bdl 120 "g mL-1 bdl 
Sa
m
pl
es
 
IIB 0.0042 "g mL
-1 0.037 "g mL-1 0.32 "g mL-1 
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2.4.5 TBT, a carbon source for Aeromonas molluscorum Av27 
Figure 8 shows the growth of A. molluscorum in appropriate culture medium in the 
presence of increasingly higher concentrations of TBT (0, 1.5, 3 mM). It can be observed 
that at a higher TBT concentration (3 mM), the culture reached an optical density A600 nm of 
0.7 after 72 h. When TBT concentration is lower (1.5 mM), lower optical density values are 
observed (A600 nm of 0.5) at the same time interval. Similarly, when a control growth curve 
is done in the presence of ethanol, the TBT solvent, bacteria growth was slower (A600 nm= 
0.3), suggesting that in fact, A. molluscorum uses TBT as carbon source for metabolic 
activities. 
Also, when A. molluscorum is grown in MM the total cell counts, as revealed by 
microscopy, were lower (120x106 mL-1) when compared to the total cell number observed 
when bacteria is growing in the presence of TBT (160x106 mL-1). Although the differences 
observed were not significant it is possible to suggest that TBT stimulates an increment in 
the cell number. Microscope observations showed that when bacteria grow in MM without 
TBT, cells are bigger and appear dispersed in the culture medium, nonetheless when 
bacteria grow in presence of TBT, the cells look smaller and appear to aggregate in the 
culture medium. 
Total viable counts showed that when A. molluscorum was grown in MM (without 
TBT), the number of viable cells is lower (22%) than when bacteria was grown in MM with 
3 mM TBT (45%). 
 
 
Figure 8. Growth of A. molluscorum Av27 in Minimal Medium (MM) with different concentrations of TBT (0, 
1.5 and 3 mM) at 26ºC for 72 h and 250 rpm, in the dark. “MM + ethanol” corresponds to the negative control. 
Growth was monitored as a change of absorbance at 600 nm. Standard deviations are indicated in the graph. 
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2.5 Discussion 
In the present study the gradient plate assay proved to be very useful method to 
detect different TBT resistance patterns among the bacterial isolates collected in Ria de 
Aveiro, allowing for the selection of a wide variety of culturable bacterial genera exhibiting 
a TBT resistant phenotype. Given the important role played by bacteria in biogeochemical 
processes, these bacteria consortia play an important role in estuarine systems. 
A significant difference was observed between isolates belonging to the same genera. 
For instance, in the genera Bacillus, two strains Bacillus cereus (Av2) and Bacillus firmus 
(Av3) showed different tolerance to TBT (Table 9), despite the fact that they were both 
isolated from sediment samples. Similar observations were reported by Jude and co-
workers (1996) in Pseudomonas species, where bacteria isolated from Arcachon harbor 
showed different TBT tolerance ranging from 0.07 and 3 mM. 
In the present study, no significant correlation was observed between strains isolated 
from more polluted area (water) and strains collected at the less polluted area (sediment). 
These findings were also observed by other researchers, suggesting that other factors 
rather than the presence of TBT select for a resistant population (Jude et al. 1996; Wuertz 
et al. 1991). 
Ramamoorthy and Kushner (1975) suggested that medium-organometal interactions 
may affect metal toxicities. Nevertheless, despite the fact that TBT could act as a 
chelating agent sequestering carbon/nitrogen sources when a rich medium is used (e.g. 
TSB), this could not be observed in the present study, as bacteria retained the same TBT 
profile independently of the culture media used (MB, MBA, TSB, TSA). 
Furthermore, we found that despite the heterogeneity observed in the TBT resistance 
profile of Gram negative and Gram positive bacteria, we found that the former are 
generally more resistant to TBT. These findings were also observed by other authors and 
could be related with the different architecture of bacterial cell walls which, in Gram 
negatives, could promote the ability to immobilize metal ions (Beveridge and Koval 1981). 
Nonetheless, five Gram positive strains were shown to be highly resistant to TBT. These 
findings suggest that, not only the external membrane but also cytoplasmic membrane 
and/or intracellular level mechanisms might be involved in the resistance, as suggested by 
White et al. (1999). 
Successive transfer of the isolated bacteria to progressively higher TBT 
concentrations resulted in an increased resistance to TBT. These results are in 
accordance with those reported by Dahllöf and co-workers (2001), where in a marine 
sediment community, progressive exposure to higher TBT concentrations showed an 
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increase in bacterial resistance. Also, Blanck and Dahl (1996) reported that exposure to a 
toxicant for some time can increase tolerance to that particular toxicant. Therefore, 
according to our observations we proposed that this fact could reflect an inducible 
‘memory response’ mechanism to TBT/toxicant exposure. Nonetheless, the relation 
between the ‘memory response’ to TBT concentration and the resistant bacteria on a 
given natural environment could not be made because other factors, for instance the 
presence of other toxic compounds, could influence the ‘memory’ mechanism response. 
Due to the relevant aspects previously highlighted, A. molluscorum Av27 was selected 
for a series of studies, which were conducted in the present work. This is the first report of 
an Aeromonas bacterium exhibiting high resistance to TBT. Until now, only members from 
Pseudomonas and Alteromonas genera were associated with TBT resistance. In those 
cases both strains were used to investigate the TBT resistance mechanism (Dubey and 
Roy 2003; Jude et al. 2004; Suzuki and Fukagawa 1995), suggesting the existence of 
different mechanisms in those two genera. 
A. molluscorum Av27 is sensitive to various antibiotics and did not show high 
tolerance to mercury. However, according to the resistant pattern observed in several 
environmental strains (e.g. Pseudomonas, Proteus, Xanthomonas, Alteromonas, 
Aeromonas, and Enterobacteriaceae) studied by De and co-workers (2003), A. 
molluscorum, seems to be resistant to cadmium, copper and zinc, despite the fact that the 
values detected in Ria de Aveiro (Monterroso et al. 2003) are higher than those used by 
these authors. These results are quite intriguing, as we expected that A. molluscorum 
Av27 would also be resistant to several classes of antibiotics, considering that Ria de 
Aveiro is a reservoir of several resistance determinants (e.g. antibiotics and antibiotic 
gene cassettes) that are released from industrial and domestic effluents (Henriques et al., 
2006). Nevertheless, Jude et al. (2004) identified in Pseudomonas stutzeri, a multidrug 
efflux pump, belonging to the resistance-nodulation-division (RND) family that conferred 
resistance to some toxic compounds and different classes of antibiotics. 
Degradation of TBT in DBT occurred under laboratory conditions by A. molluscorum 
Av27, in 24 h. Also, it seems that TBT is taken up by the cells, possibly, into siderophores 
structures, and it is gradually exported, as DBT, after degradation inside the cell. Despite 
the fact that debutylation of TBT results in less lipophilic compounds, due to cell activity, it 
appears that these compounds are still bound to the cell membrane lipids. Previously, 
Suzuki and Fukagawa (1995) reported that in a resistant strain, after 1 h of growth, the 
uptake of TBTCl was registered. However, during the incubation, a decrease of TBTCl 
uptake occurred probably due to efflux of the compound. These observations corroborate 
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our results. Also, Roy et al. (2004) reported that a Pseudomonas sp. was able to use TBT 
as a source of carbon only at concentrations of up to 2 mM. In the present study, TBT was 
used as a source of carbon up to a concentration of 3 mM by A. molluscorum Av27, a 
concentration never reported before. Bacterial viability analysis showed that despite the 
higher number of cells observed when TBT is present in the culture medium, meaning that 
bacteria are using the available TBT, cells were smaller and appeared aggregated. This 
could be explained as an energy saving mechanism exhibited by the bacteria when 
exposed to TBT for long periods. Despite their resistance to TBT bacteria cells are 
growing under stress conditions, due to the scarcity of nutrients. This was also observed 
and suggested by other authors for cells growing under stress conditions in the presence 
of other toxic compounds (Dykhuizen et al. 1987). 
The results so far obtained suggest that A. molluscorum Av27 developed a 
physiological mechanism that gives the bacteria the ability to use TBT as a carbon source 
and to degrade it to less toxic compounds, conferring the advantage of resistance to high 
TBT concentrations. 
Given its ability to degrade and utilize TBT as carbon source, A. molluscorum Av27 
constitutes an important organism that could be used as a tool for genetic studies. These 
studies are already in progress with the aim of elucidating the mechanism behind TBT 
resistance at the genetic level. Furthermore, this strain might have the potential to be used 
to develop a bioreporter to detect TBT in the environment. Ultimately, A. molluscorum 
could be applied in the natural remediation of TBT contaminated areas. 
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3.1 Abstract 
Aeromonas molluscorum Av27 is an estuarine bacterium highly resistant to tributyltin 
(TBT) and with the ability to degrade it into the less toxic compounds dibutyltin (DBT) and 
monobutyltin (MBT). Considering these two properties, Av27 seems to be particularly 
interesting to be employed in bioremediation. With that purpose, determining the potential 
pathogenicity of A. molluscorum is desirable. In that context, herein the full 
characterization of A. molluscorum Av27 at the genotypic and phenotypic level is reported. 
Virulence factors are key components to determine pathogenicity of bacteria. For that 
reason, the screening of several virulence factors was investigated revealing the presence 
of (i) exu, encoding for DNase, involved in DNA degradation causing bacterial infections; 
(ii) fla, responsible for the expression of flagellin that constitute the flagella, important for 
motility and adherence to the host organism; and (iii) pla, encoding for lipases with 
phospholipase activity. At phenotypic level, only lipolytic activity was detected. Moreover, 
extracellular virulence factors seem to be the most important factors for cytotoxicity. Thus, 
in vitro cytotoxicity of Av27 strain over mammalian cells (Vero cells) was tested and no 
apparent cythopathic effects were detected. 
Regarding the antibiotic resistance profile, A. molluscorum Av27 showed to be 
resistant to penicillin (10 "g), amoxicillin/clavulanic acid (30 "g) and cephalothin (30 "g) 
and also to the vibriostatic agent O/129. 
Since the potential pathogenic determinants and the resistance genes can be 
associated to plasmids or integrons, the presence of those structures was also 
investigated. Pulse-field gel electrophoresis (PFGE) revealed the presence of five 
plasmids with the following sizes: 4 kb, 7 kb, 10 kb, 100 kb and one greater than 100 kb. 
Also, class I and class II integrons were not detected, suggesting the low ability for 
horizontal gene transfer (HGT). 
The bacterial cellular response to different growth conditions was studied revealing 
that a temperature of 25°C, at 1% to 4% salinity and a pH between 6 and 9 are the best 
growth conditions. Moreover, the bacterium can use a various carbon and energy 
sources, as, for instance, D-maltose, D-sucrose, D-mannitol, D-glucose, sodium acetate, 
salicin, L-arabinose, L-histidine, D-trehalose, L-proline, capric acid, glycogen, L-alanine 
and N-acetyl-glucosamine. 
Overall, the results herein presented confirm that A. molluscorum Av27 does not 
exhibit risk of toxicity and can therefore be considered for biotechnological application, 
namely in TBT bioremediation. 
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3.2 Introduction 
Aeromonas molluscorum Av27 was isolated from a moderately tributyltin (TBT) 
contaminated sediment at Ria de Aveiro, Portugal (Cruz et al. 2007). Av27 showed to be 
highly resistant to TBT (up to 3 mM) and it was previously highlighted for its ability to 
degrade TBT and use it as carbon source (Cruz et al. 2007). Those characteristics 
pointed out for its application in biotechnological process to decontaminate TBT polluted 
environments. 
The mechanisms by which microorganisms effect changes in metal speciation and 
mobility are fundamental components of biogeochemical cycles for metals as well as all 
other elements, including carbon, nitrogen, sulphur and phosphorus, with additional 
implications for plant productivity and human health (Gadd 2004). The list of 
microorganisms that have the ability to metabolize toxic compounds is long. For instance, 
the sulphate-reducing bacteria have been considered as the most promising alternative 
for acid mine drainage decontamination (Martins et al. 2009). Another example is a strain 
of Pinicillium simplicissimum that has been used to leach zinc from insoluble ZnO 
contained in industrial filter dust (Gadd 2004). In this sense, as referred before, it is our 
objective to use Aeromonas molluscorum Av27 to reduce TBT environmental pollution. 
Aeromonas molluscorum Av27 belongs to the genus Aeromonas, Aeromonadaceae 
family within the Gammaproteobacteria. Aeromonas molluscorum sp. was isolated from 
bivalve molluscs in 1997 (Miñana-Galbis et al. 2004), however this new taxa was only 
proposed in 2004. In fact taxonomy of the genus Aeromonas is continuously changing, 
due to the inclusion of newly described species and the reclassification or extended 
description of the existing taxa (Miñana-Galbis et al. 2004). 
The genus Aeromonas includes Gram negative bacteria with various morphologies 
such as straight rods coccobacili or filamentous forms. The majority of the specimens are 
motile by means of flagella. Aeromonads can grow over a wide range of temperature (0ºC 
to 45ºC), although the optimal temperature can be from 22ºC to 37ºC (Martin-Carnahan 
and Joseph 2005). Aeromonas are facultative anaerobic and chemoorganotrophic 
organisms producing acid, and often acid with gas, from various carbohydrates, especially 
from D-glucose (Martin-Carnahan and Joseph 2005). In general, aeromonads are oxidase 
and catalase positive, reduce nitrates to nitrites and can synthesize numerous hydrolytic 
enzymes, which can be involved in pathogenic processes (Martin-Carnahan and Joseph 
2005). Usually Aeromonas strains are resistant to the vibriostatic agent O/129, have !-
galactosidase activity and do not hydrolyse urea or use arabitol and D-raffinose. The DNA 
G+C content varies between 57% and 63% (Martin-Carnahan and Joseph 2005). 
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Aeromonads constitute an heterogeneous group of bacteria virtually present in all 
environmental niches (Janda and Abbott 2010). The genus Aeromonas is considered to 
be almost synonymous of water and aquatic environment, nonetheless they can also be 
found in soil and sediments (Janda and Abbott 2010). Aeromonads are commonly 
recovered from animals other than humans, such as fish, insects, crustaceans, molluscs, 
amphibians, reptiles, birds and mammals, as reported by Carvalho (2010). 
Nowadays, Aeromonas are described not only as important disease-causing 
pathogens of fish and other cold-blooded species but also as the etiologic agent 
responsible for a variety of infections complications in both immunocompetent and 
immunocompromised individuals (Janda and Abbott 2010). Besides diarrhoea, 
aeromonads have been known to cause other infections such as septicaemia, wound 
infections, endocarditis, meningitis and pneumonia (Janda and Abbott 2010). 
Considering the possibility of using Av27 for decontamination processes, such as 
bioremediation, knowledge of a number of Av27’s characteristics is of utmost relevance. 
Thus, the main objective of the present work was to assess genetic and phenotypic 
characterization of Av27 strain in order to predict its impact in the ecosystem, namely its 
potential pathogenicity. 
The pathogenicity in Aeromonas strains is complex and multifactorial. It has been 
associated to an arsenal of virulence determinants that enable the infectious agent to 
colonise, entry, establish, replicate, cause tissue damage, overcome host defences and 
spread within host, eventually causing its death (Yu et al. 2004). 
Haemolysins, cytotoxins, enterotoxins, serines, proteases, elastases, lipases, DNAses 
and adhesins have all been identified as putative virulence factors in aeromonads. Thus, 
to better understand the role of virulence factors in pathogenicity and the potential risk 
associated with Av27 strain, we screened for specific putative virulence genes, for 
virulence phenotypes as well as for cytotoxicity in vitro. 
The presence of the following putative virulence genes factors was determined using 
PCR: lipases, lip / pla / lipH3 / apl-1 (Anguita et al. 1993; Chuang et al. 1997; Ingham and 
Pemberton 1995; Merino et al. 1999); elastase, ahpB (Cascón et al. 2000); two cytotonic 
enterotoxin, alt and ast (Chopra et al. 1996; Chopra et al. 1994); cytotoxic enterotoxin, act 
(Chopra et al. 1993); glycerophospholipids cholesterol acyltransferase, gcaT (Buckley 
1983); DNase, exu (Nawaz et al. 2010); type III secretion proteins, aexT and ascV 
(Chacón et al. 2004) and the structural gene responsible for the expression of flagellin 
(fla) (Rabaan et al. 2001). Furthermore, also the haemolytic, proteolytic, DNase and 
lipolytic phenotypic activity of Av27 strain was evaluated. 
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Some diseases in human and fish have been attributed mainly to the presence of 
aerolysin-like enterotoxins with haemolytic and cytotoxicity activities, which induce the 
lyses of the cellular membrane (Castilho et al. 2009; Chopra et al. 2000). In fact, 
cytotoxins have been considered a major virulence factor in Aeromonas, and are essential 
to determine the cytotoxicity of a bacterium and to evaluate its potential pathogenicity 
(Ghatak et al. 2006). Usually the cytotoxicity assays performed in vitro make use of 
various cell lines (Balaji et al. 2004; Castilho et al. 2009; Ghatak et al. 2006). According to 
a study performed on four different cell lines, Vero cell line (African green monkey kidney 
epithelial cells) has been chosen to evaluate the cytotoxicity since it is the most sensitive 
cell line to aeromonads cytotoxins (Ghatak et al. 2006). Thus, in the present work, the in 
vitro cytotoxicity of Av27 strain was tested against mammalian Vero cells. 
Resistance to commonly used antimicrobial agents is recognized as an hazardous 
characteristic considering the potential risk for human health (French 2005). Furthermore, 
the rapid emergence of antibiotic resistance among bacteria is, in a great extent, due to 
the dissemination of antibiotic resistance by horizontal gene transfer (HGT), mediated by 
plasmids, transposons and integrons (De La Cruz and Davies 2000; Harrison and 
Brockhurst 2012; Summers 2006). So, the antibiotic resistance profile of Av27 strain 
against several drugs among #-lactams, aminoglycosides, tetracyclines, quinolones, 
phenicols and trimetropim-sulfonamide association, as well as the presence of mobile 
genetic elements such as plasmids and class I and class II integrons were studied. 
Also, the bacterial cellular response of Av27 was tested under different growth 
conditions, namely temperature, pH and salinity. These experiments can contribute to the 
knowledge of bacterium’s fitness, since it has been described that growth conditions can 
be important for the expression of virulence factors (Marsh et al. 1994; Mateos et al. 1993; 
Mirelman et al. 1986; Prayitno and Latchford 1995). 
To a deeper characterization of A. molluscorum Av27, its biochemical profile was 
investigated, as biochemical reactions are very important for biotyping or speciating the 
Aeromonas isolates as referred by Awan et al. (2005). 
Overall, the results herein presented confirm that A. molluscorum Av27 does not have 
a high potential risk of toxicity. 
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3.3 Materials and Methods 
3.3.1 Bacterial strains and growth conditions 
Aeromonas molluscorum Av27 was isolated from sediment collected at Ria de Aveiro, 
Portugal (Cruz et al. 2007). Several strains were used as positive and negative controls 
along the experimental work as follows: a strain of Salmonella enterica serovar 
Typhimurium (kindly provided by Dr. Séamus Fanning, University College Dublin, Ireland), 
Escherichia coli G.I10.6 (Henriques et al. 2006b), Aeromonas hydrophila ATCC 7966, 
Aeromonas piscicola AH-3 (kindly supplied by Dr. Tomás, Barcelona University, Spain) 
(Beaz-Hidalgo et al. 2009), Escherichia coli BL21 (DE3) (Novagen, Germany), 
Escherichia coli ATCC 25922 and Bacillus cereus ATCC 11778. 
Aeromonas strains were maintained in Tryptic Soy Agar (TSA) plates (Merck, 
Germany). Salmonella spp., Bacillus spp. and E. coli strains were kept in LB-Bouillon 
Miller (LB) (Merck, Germany) agar plates. Plates were kept at 4ºC. Aeromonads’ growth in 
liquid culture, except when referred, occurred in Tryptic Soy Broth, TSB (Merck, Germany) 
in an orbital shaker at 26ºC and 250 rpm. Salmonella, Bacillus and E. coli strains’ growth 
occurred at 37ºC and at 250 rpm. 
 
 
3.3.2 DNA isolation and purification 
Chromosomal DNA from all the strains was isolated with the Genomic DNA 
Purification Kit (MBI Fermentas, Lithuania) with a slight modification of the manufacturer´s 
protocol provided in the kit as follows: an additional incubation for 1 h at 37ºC with 
lysozyme solution (10 mg mL-1, EuroBio, France) to improve lyses. DNA was stored at      
-20ºC until further utilization. 
Mini- and maxi- preparations were used for plasmid DNA extraction. Mini- and maxi-
preparations were performed with the QIAprep Spin Miniprep kit (Qiagen, Germany) and 
NucleoBond" Xtra Midi/Maxi (Macherey-Nagel, Germany), respectively and according to 
the manufacturer’s instructions. Plasmid DNA was stored at -20ºC until further utilization. 
 
 
3.3.3 Molecular identification of Av27 strain 
On chapter II, the identification of Av27 strain was performed only based on nucleotide 
sequence determination of 16S rDNA. Herein this result was confirmed and reinforced 
based on nucleotide sequence determination of housekeeping gene gyrB, that as being 
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considered one of the best genes to establish evolutionary relationships within Aeromonas 
(Carvalho 2010; Demarta et al. 2008; Janda and Abbott 2010; Miñana-Galbis et al. 2010). 
The primers 338f (5’-GACTCCTACGGGAGGCAGCAG-3’) and 518r (5’-
ATTACCGCGGCTGCTGG-3’) were used to amplify V3 region of bacterial 16S rDNA 
accordingly to Muyzer et al. (1993). The PCR reaction was performed in a final volume of 
50 µL, containing: 3 mM MgCl2 (Fermentas, Lithuania); 1x Taq buffer with (NH4)2SO4 
(Fermentas, Lithuania); 0.08 mM dNTP Mix (Fermentas, Lithuania); 0.3 µM from each 
primer; 0.5 U Taq DNA polymerase (Fermentas, Lithuania); 1 µL of DNA and sterile 
double-distilled water to the final volume desired. The amplification parameters were as 
follows: 1 cycle at 94ºC for 5 min, 35 cycles at 94ºC for 30 sec, 56ºC for 30 sec, 72ºC for 
90 sec, and a final step at 72ºC for 10 min. 
The primers gyrB-3f (5’-TCCGGCGGTCTGCACGGCGT-3’) and gyrB-14r (5’-
TTGTCCGGGTTGTACTCGTC-3’) were used to amplify gyrB gene, that encodes the B 
subunit protein of DNA gyrase (topoisomerase type II) (Yanez et al. 2003). 
The amplification parameters for gyrB gene were as follows: 1 cycle at 94ºC for 5 min, 
35 cycles at 94ºC for 30 sec, 55ºC for 30 sec, 72ºC for 45 sec, and a final step at 72ºC for 
10 min. 
The amplified 16S rDNA and gyrB genes from Av27 were sequenced with an ABI 
3730 XL sequencer on Stabvida company (Portugal). The obtained sequences were 
compared to others deposited in the Genbank database using the Clustal W program 
(version 1.60) (Thompson et al. 1994). Furthermore, the sequences obtained were aligned 
with 16S rRNA and gyrB genes sequences of type or reference strains of members of the 
genus Aeromonas that are available at the GenBank. Sequences were conducted to 
MEGA (molecular evolutionary genetics analysis) program version 5 (Tamura et al. 2011). 
Phylogenetic trees were constructed by the neighbour-joining method (Saitou and Nei 
1987) and its topology inferred with a Kimura 2-parameter correction model (Kimura 1980) 
and with 1000 bootstrap replications. 
 
 
3.3.4 Detection of virulence genes 
The presence of genes encoding the virulence factors lipases (lip, pla, lipH3, apl-1), 
aerolysin-like proteins (act), elastase (ahpB), cytotonic enterotoxins (ast, alt), 
glycerophospholipid cholesterol acyltransferase (gcaT), DNAse (exu), structural gene 
flagellin (fla) and type III secretion system genes (ascV/aexT) was investigated by PCR. 
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The oligonucleotides, annealing temperature, product size of the genes screened and also 
the positive controls used for PCR are shown in Table 12. 
 
Table 12. Sequence of oligonucleotide (Fw: forward, Rv: reverse) used in the study, and respective product 
size, anneling temperature (Ta) and positive control (control): A. hydrophila ATCC 7966 (7966) or A. piscicola 
AH-3 (AH-3). 
Gene name Primer sequence (5’-3’) Product size (bp) Ta (ºC) Control Reference 
lip, pla, 
lipH3, apl-1 
Fw: ATCTTCTCCGACTGGTTCGG 
Rv: CCGTGCCAGGACTGGGTCTT 
382 55 7966 (Sen and Rodgers 2004) 
ahpB 
Fw: GGCAACGTCAAGACTGGCAAGT 
Rv: CGATCAGGGAGCCTGCGGCT 
786 58 7966 (Cascón et al. 2000) 
act 
Fw: GAGAAGGTGACCACCAAGAACA 
Rv: AACTGACATCGGCCTTGAACTC 
232 57.9 7966 (Kingombe et al. 1999), 
ast 
Fw: TCTCCATGCTTCCCTTCCACT 
Rv: GTGTAGGGATTGAAGAAGCCG 
331 63 7966 (Nawaz et al. 2010) 
alt 
Fw: TGACCCAGTCCTCCGACGGC 
Rv: GGTGATCGATCACCACCAGC 
442 64 7966 (Nawaz et al. 2010) 
gcaT 
Fw: CTCCTGGAATCCCAAGTATCAG 
Rv: GGCAGGTTGAACAGCAGTATCT 
237 65 7966 (Nawaz et al. 2010) 
exu 
Fw: RGACATGCACAACCTCTTCC 
Rv: GATTGGTATTGCCYTGCAAS 
323 61 7966 (Nawaz et al. 2010) 
fla 
Fw: TCCAACCGTYTGACCTC 
Rv: GMYTGGTTGCGRATGGT 
608 55 7966 (Nawaz et al. 2010) 
ascV 
Fw: ATGGACGGCGCCATGAAGTT 
Rv: TATTCGCCTTCACCCATCCC 
759 55 AH-3 (Chacón et al. 2004) 
aexT 
Fw: GGCGCTTGGGCTCTACAC 
Rv: GAGCCCGCGCATCTTCAG 
553 60 AH-3 (Braun et al. 2002) 
 
The PCR reactions and programs to amplify virulence genes are presented on Table 
13 and Table 14, respectively. All PCR reactions were performed using a Bio-Rad iCycler 
Thermal Cycler (Bio-Rad, USA). 
 
Table 13. PCR reagents and respective final concentration in PCR reaction used to amplify virulence genes. 
PCR Reagents lip act, ahpB gcaT, alt, ast, fla, ascV, aexT 
MgCl2, Fermentas (mM) 3 2.5 - 
MgCl2, Promega (mM) - - 1.5 
Taq buffer with (NH4)2SO4, Fermentas 1x 1x - 
Colourless GoTaq"Flexi buffer, Promega - - 1x 
dNTP Mix, Fermentas (mM) 0.08 0.032 0.04 
Each primer (see Table 12) ("M) 0.3 0.4 0.3 
Taq DNA polymerase, Fermentas 0.02 0.04 - 
GoTaq® DNA polymerase, Promega - - 0.04 
DNA (ng) 10-100 10-100 10-100 
Sterile double-distilled water (up to x "L) 25 25 25 
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Table 14. PCR program used to amplify virulence genes using Fermentas and Promega reagents. 
  Time  
 Temperature (ºC) Fermentas reagents Promega reagents 
Initial denaturing 95 5 min 2 min 
Denaturing 95 25 sec 1 min 
Primer annealing Tm (see Table 12) 30 sec 30 sec 
Synthesis 72 1 min 3 min 
25 cycles 
Final synthesis 72 5 min 5 min 
 
 
3.3.5 Detection of class I and class II integrons 
The set of primers HS463a/HS464 (5’-CTGGATTTCGATCACGGCACG-3’ / 5’-
ACATGCGTGTAAATCATCGTCG-3’) (Stokes et al. 2006) and RB201/RB202 (5’-
GACAACGCAAGCATTCATTA-3’ / 5’-ACGGATATGCGACAAAAAGG-3’) (Barlow et al. 
2004) were used to amplify integrase genes intI1 and intI2, respectively. 
The PCR reactions were performed in a final volume of 25 µL, containing: 3 mM MgCl2 
(Promega, USA); 1x Colourless GoTaq"Flexi buffer (Promega, USA); 0.04 mM dNTP Mix 
(Fermentas, Lithuania); 5% DMSO; 0.3 µM from each primer; 0.02 U GoTaq® DNA 
polymerase (Promega, USA); 10-100 ng of DNA and sterile double-distilled water to make 
up the final volume. The amplification parameters were as follows: 1 cycle at 94ºC for 
4 min, 30 cycles at 94ºC for 30 sec, 65ºC (intI1) or 62ºC (intI2) for 30 sec, 72ºC for 45 sec, 
and a final step at 72ºC for 5 min. 
Salmonella enterica serovar Typhimurium and Escherichia coli G.I10.6 were used as 
positive controls for amplifications of class I and class II integrons, respectively. 
 
 
3.3.6 Electrophoresis, sequencing and sequence analysis 
The PCR target fragments were detected by electrophoresis on 1.5% gels in 1x TAE 
buffer (Bio-Rad, USA) at 5 V cm-1 for the desired time (normally between 1 – 1.5 h) and 
stained with ethidium bromide (AppliChem, USA) at a final concentration of 0.5 µg mL-1. 
PCR products purification was performed with JETQUICK PCR Product Purification 
Spin Kit (Genomed, Germany) according to the manufacturer´s instructions. 
Purified products were used as templates for sequencing reactions performed by 
STABVIDA (Portugal). The obtained nucleotide sequences were confirmed and corrected 
with the DNA analysis software 4Peaks version 1.7.2 (Griekspoor & Groothuis, 
mekentosj.com) and then compared to the GenBank nucleotide data library using BLAST 
software (Altschul et al., 1997), to determine the closest phylogenetic relatives. 
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3.3.7 Determination of virulence associated phenotypes 
Haemolytic activity 
Haemolytic activity was investigated by culturing A. molluscorum Av27 strain onto 
Columbia gelose with 5% sheep blood (Biomerieux, France). Plates were incubated at 
30ºC and 37ºC for 24 h. A. hydrophila ATCC 7966 was used as a positive control. 
Haemolytic positive isolates were identified by the presence of clear (#-hemolysis) or 
diffuse ($-haemolysis) halos around the colonies (Guerra et al. 2007). 
 
Lipases 
The presence of extracellular lipases was tested by the Tween-calcium method 
according to Michelim et al. (2005) with slight modifications. A. molluscorum Av27 and A. 
hydrophila ATCC 7966 (used as positive control) were inoculated on TSA with 1% Tween 
20 (v/v). The plates were incubated at 30ºC and 37ºC for 24 h and positive lipase activity 
was confirmed by the formation of a precipitate around the colonies. 
 
Proteases 
Proteolytic activity was assayed by inoculation of Av27 strain and A. hydrophila ATCC 
7966 (used as positive control) on TSA with 1% skim milk (w/v) plates. After incubation for 
24 h at 30ºC and 37ºC, the presence of extracellular proteases was revealed by the 
formation of clear halos around the colonies (Sechi et al. 2002). 
 
DNases 
For DNase detection the isolates were inoculated onto DNase agar (HiMedia, India) 
supplemented with 0.01% toluidine blue O (Merck, Germany) and incubated for 24 h at 
30ºC and 37ºC. Escherichia coli ATCC 25922 was used as the negative control and 
Bacillus cereus ATCC 11778 as the positive control. The degradation of deoxyribonucleic 
acid was indicated by the presence of a pink halo around the colonies (Scoaris et al. 
2008). 
 
Resazurin-based cytotoxicity assay 
Each strain was grown in LB-Miller at 30ºC and 150 rpm for 16-18 h. Subsequently, 
the cultures were centrifuged at 8,000xg for 10 min and supernatants were filtered through 
a sterile 0.2 µm pore size syringe membrane filter. The extracellular products (ECP) were 
collected in sterile tubes and stored at 4ºC until use and for no longer than 24 h. Vero cell 
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growth in tissue culture flasks was performed as described by Ammerman et al. (2008). 
Then, volumes of 100 µL Vero cells suspended in DMEM (Dulbecco´s Modified Eagle 
Medium, Gibco) supplemented with 10% FBS (Foetal Bovine Serum, Gibco) were 
distributed into a 96-well tissue culture plate (2x104 cells per well) and incubated for 48 h 
(± 80% confluent monolayer) at 37ºC in 5% CO2 atmosphere. Serial two-fold dilutions [1:2; 
1:4; 1:8; 1:16 (v:v)] of ECP in PBS were made and an aliquot of 50 µL of filtered 
supernatants was added to each well. The microtiter plates were incubated at 37ºC in 5% 
CO2 for 24 h. After cell treatment, the medium was removed by aspiration and 100 µL of 
DMEM with 10% resazurin (0.1 mg mL-1 in PBS) was directly added to each well. The 
microtiter plates were incubated at 37ºC in 5% CO2 until reduction of resazurin (Al-Nasiry 
et al. 2007). The absorbance was recorded at 570 nm and 600 nm wavelength in a 
microtiter plate spectrophotometer (Infinite 200, Tecan i-control). The ECP preparations 
that induced cytopathic effect at least up to 1:16 dilution in 50% or more cells were 
recorded as a cytotoxic positive result as described by Ghatak et al. (2006). Aeromonas 
piscicola AH-3 and Escherichia coli BL21(DE3) were used as positive and negative 
controls, respectively. Each sample was tested in two independent experiments 
performed in triplicate. Cell morphology evaluation of Vero cell monolayers was performed 
by inverted light microscopy. The samples were visualized at 20x magnification using an 
Olympus CKX41 inverted microscope equipped with an Olympus SC30 digital color 
camera operated using the AnalySIS getIT software (Soft Imaging System, Munster, 
Germany) for image acquisition. 
 
 
3.3.8 Plasmids detection 
Pulsed-field gel electrophoresis (PFGE) was used to investigate the presence of 
plasmids in A. molluscorum Av27 and also to determine their size. Genomic and plasmid 
DNA were embedded in agarose and digested with the restriction enzyme S1 (Invitrogen, 
UK). Produced DNA fragments were separated on 1% agarose gel using a CHEF-DR III 
apparatus (Bio-Rad, USA). Electrophoresis conditions were as follows: 10 h at 6 V cm-1 at 
14ºC and an angle of 120º with an initial and final pulse time of 5 sec and 45 sec, 
respectively. 
The plasmids size was estimated by comparison with the Bio-Rad Lambda ladder 
PFGE marker (Bio-Rad, USA), Lambda DNA/HindIII marker (Fermentas, Lithuania) and 
GeneRulerTM 1 kb DNA Ladder (Fermentas, Lithuania). 
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3.3.9 Antimicrobial susceptibility 
The antibiotic resistance patterns were determined by the agar disk diffusion method 
(Bauer et al. 1966) on Mueller-Hinton agar (Merck, Germany). A. molluscorum Av27 was 
tested for resistance against a panel of 14 antibiotics, including representatives of the 
most important classes such as #-lactams (penicillin, 10 µg; amoxicillin+clavulanic acid, 
30 µg; aztreonam, 30 µg; ceftazidime, 30 µg; cefepime, 30 µg; cephalothin, 30 µg; 
imipenem, 10 µg), aminoglycosides (gentamicin, 10 µg), tetracyclines (tetracycline, 30 µg; 
erythromycin, 10 µg), quinolones (ciprofloxacin, 5 µg; nalidixic acid, 30 µg), phenicols 
(chloramphenicol, 30 µg) and trimetropim+sulfadiazin association (trimethoprim-
sulfamethoxazol, 25 µg). According to the susceptibility/resistance breakpoints defined by 
the CLSI (Clinical Laboratory Standards Institute) (CLSI 2010) for Aeromonas, the 
diameters of inhibition zones on Mueller-Hinton Agar were measured after 24 h incubation 
at 30ºC. 
 
 
3.3.10 Phenotypic, enzymatic and biochemical characterization 
Gram staining, Vitek® 2 system (bioMérieux, USA) and Rapid ID32 GN strip 
(bioMérieux, USA) were used to evaluate the phenotypic, biochemical and enzymatic 
profile of Av27 strain. Gram coloration was used with Hucker modifications (Hucker 1921). 
A. molluscorum Av27 was grown on LB medium for 14-16 h at 250 rpm at 30ºC. Then, a 
culture suspension was prepared with a turbidity of 0.5 McFarland and used according to 
the manufacturer’s instructions. The incubation occurred at 30ºC for 24 h. The results 
were obtained automatically from Vitek system. The Rapid ID32 GN strip reading was also 
carried out automatically with the ATB reader. 
 
 
3.3.11 Determination of the optimal growth conditions 
The influence of temperature, pH and salinity on the growth of A. molluscorum Av27 
was determined. For that, cells were grown in two different culture media (LB and TSB) 
and the parameters were changed accordingly. The strain was grown in 250 mL 
Erlenmeyer flasks containing 50 mL of LB/TSB medium for 56 h in an orbital shaker at 
250 rpm. Bacterial growth was monitored as a change in optical density at 600 nm 
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(A600 nm), using a Lambda 16 Spectrophotometer (Cary 50B.O UV-visible 
spectrophotometer-Varian). Parameters were changed as follows: 
- Temperature: five different temperatures were tested (4ºC, 25ºC, 30ºC, 37ºC and 
44ºC) and the incubation occurred in Erlenmeyers without agitation; 
- pH: culture media pH was adjusted to 4.4, 5.5, 6, 7.2, 8, 9 and 10 with NaOH 1 M or 
HCl 32% to the desired value and the growth occurred at 120 rpm; 
- Salinity: the culture media were prepared by the addition of all the constituents 
except NaCl; NaCl was added at a final concentration of 0%, 1%, 1.5%, 4% and 7% and 
the growth occurred at 120 rpm. 
Three independent replicates were performed for each experimental condition. 
 
3.3.12 Accession number 
The nucleotide sequences of 16S rDNA and gyrB genes determined in the present 
study were deposited in the GenBank database under the accession number JX103508 
and JX103507, respectively. 
 
 
3.4 Results and Discussion 
3.4.1 Taxonomic identification of Av27 strain 
As the taxonomy of the genus Aeromonas is continuously changing (Miñana-Galbis et 
al. 2004), the identification of Av27 strain (described in chapter II) was confirmed. By the 
analysis of 16S rRNA sequence, Av27 strain showed a homology of 100% with 16S rRNA 
of the type strain Aeromonas molluscorum 849T. Also, when Av27’s gyrB gene sequence 
was compared with GenBank database sequences, revealed 99% of homology with gyrB 
gene of A. molluscorum 849T. Additionally, phylogenetic analysis based on the 16S rRNA 
(Figure 9) and gyrB (Figure 10) genes showed that Av27 strain formed a clear separate 
cluster with other Aeromonas molluscorum strains that also include the type strain. These 
results supported the identification of Av27 strain as belonging to Aeromonas 
molluscorum genus. 
Enzymatic and biochemical tests allow the phenotypic differentiation of A. 
molluscorum from other Aeromonas taxa (Miñana-Galbis et al. 2004). For instance, 
negative tests for indole production and starch hydrolysis, allowed the separation between 
A. molluscorum and A. caviae. Also, A. molluscorum could be differentiated from A. 
simiae by lysine decarboxylation and acid production from L-arabinose and D-mannitol. 
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The enzymatic and biochemical characterization of Av27 strain was determined by the 
Vitek 2 system and ID32 GN. The results are listed on Table S1 and S2 in appendix 1. 
Briefly, Av27 is able to hydrolyse several compounds, using them as carbon source and 
energy. Those include: D-maltose, D-sucrose, D-mannitol, D-glucose, sodium acetate, 
salicin, L-arabinose L-histidine, D-trehalose, L-proline, capric acid, glycogen, L-alanine 
and N-acetyl-glucosamine.The resistance to the vibriostatic agent O/129 was also verified. 
The same results were obtained for other Aeromonas molluscorum strains studied by 
Miñana-Galbis et al. (2004). 
 
3.4.2 Relationship between virulence factors and bacterium cytotoxicity 
Aeromonads secrete a variety of virulence determinants that enhance the severity of 
many infections (Carvalho 2010; Nawaz et al. 2010; Sen and Rodgers 2004; Vadivelu et 
al. 1995). The identification of the virulence genes in bacteria is very useful not only to 
evaluate its potential toxicity, but also, if necessary, to mutate or knockout those genes in 
order to decrease the virulence phenotype, and consequently increasing its 
biotechnological potential. Those virulence determinants can be structural and cell 
associated features and extracellular factors. 
Flagella can be considered among the structural components and its presence was 
confirmed in Av27 strain by fla gene amplification, which encode the structural gene of 
flagellin. The majority of Aeromonas species and all of the species recognized as human 
pathogens are motile by polar flagella. Flagella are important in the adherence process 
and biofilm formation (Rabaan et al. 2001; Sen and Rodgers 2004) and motility is 
considered a virulence factor for aeromonads since mutations in flaA and flab genes (that 
encode for subunits Fla A and Fla B of the flagellum) result in complete loss of motility and 
adherence to the human Hep-2 cells (Rabaan et al. 2001). 
Several extracellular molecules, as proteases, lipases, elastases, toxins, DNAses 
among others are important for degradation of host cell components, contributing to cell 
nutrition and helping evade host cell defences, thus, facilitating the invasiveness and 
establishment of infection (Galindo et al. 2006; Pemberton et al. 1997) 
Lipolytic genetic determinants are widely present in different Aeromonas spp. (Chacón 
et al. 2004; Sen and Rodgers 2004), and in Av27 that is not an exception. Although the  
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Figure 9. Phylogenetic relationships of Av27 strain to type/reference strains of the genus Aeromonas. The 
phylogenetic tree was constructed by using 16S rRNA gene sequence by neighbour-joining method in the 
MEGA5 program. Bootstrap values after 1000 replicates are shown. Bar, distance value is of 0.01 (calculated 
in MEGA). 
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Figure 10. Phylogenetic relationships of Av27 strain to type/reference strains of the genus Aeromonas. The 
phylogenetic tree was constructed by using gyrB gene sequence by neighbour-joining method in the MEGA5 
program. Bootstrap values after 1000 replicates are shown. Bar, distance value is of 0.01 (calculated in 
MEGA). 
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majority of the enzymes have similarities at the amino acid level, distinct physical 
properties and activities can be observed. For instance, the lipH3 and lip genes code for 
lipases with no phospholipase activity (Anguita et al. 1993; Chuang et al. 1997), whereas 
apl-1 and pla encode lipases that have phospholipase activity (Merino et al. 1999; 
Pemberton et al. 1997). In Av27, the PCR amplification of lip, pla, lipH3, apl-1 genes was 
performed using a universal primer that revealed a positive result. After nucleotide 
sequencing of the amplicons obtained and comparing the sequence with others from 
Genbank, it was possible to conclude that the lipase present in Av27 strain is encoded by 
pla gene conferring thus phospholipase activity. The phospholipase activity was confirmed 
using Tween-calcium method performed at 30ºC. 
The presence of a DNase gene (exu) was also confirmed in A. molluscorum Av27. 
Nucleases have being described as possible virulence factors, but seem to play a 
secondary role in Aeromonas pathogenesis. In fact, their role in virulence is more 
ambiguous than the role of other degradative enzymes (Pemberton et al. 1997). DNases 
can affect directly the DNA that is essential for the function of any host cell, being for that 
reason considered responsible for bacterial infection (Podbielski et al. 1996). In addition, 
DNases were already associated to bacterial nutrition, as DNA degradation results in 
carbon and nitrogen molecules (Scoaris et al. 2008). Although PCR reaction reveals the 
presence of a DNase gene, DNase activity was not observed on plates. Thus, it appears 
that the referred gene was not expressed in the tested conditions. However, since this 
gene was detected, under the appropriate conditions, it can be expressed and degrade 
DNA of the host cell, might cause infection. 
Among the other secreted virulence factors, cytotoxic enterotoxins such as aerolysin 
(i.e.: Act) and structurally or functionally related haemolysins are secreted through a type 
II secretion system (T2SS) and have been shown to be cytotoxic, enterotoxic and 
haemolytic (Chopra, 2008; Galindo et al., 2006). As referred before other extracellular 
virulence factors were investigated, such as cytotoxic enterotoxins (by the act gene 
encoding Act an aerolysin-like protein) and cytotonic enterotoxins (alt, ast), elastase 
(ahpB) and other phospholipase (glycerophospholipids cholestrol acyltranferase encoded 
by gcaT). However, the PCR result was negative, suggesting the absence of these genes 
in the genome of Av27 strain. Also, the presence of aexT and ascV genes associated with 
type III secretion system (T3SS) was not detected by PCR in Av27. T3SS has also been 
reported to be involved in the pathogenesis of Aeromonas infections (Erova et al. 2006), 
since it allows bacteria to deliver protein effectors across the eukaryotic cellular 
membranes (Cornelis 2006). In a WT A. hydrophila, for instance, the overall virulence 
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appears to depend upon the interplay between the T3SS- and/or T2SS-associated Act, 
and possibly other factors (Erova et al. 2006). Contrasting, in Av27, the absence of 
aerolysin-like protein, Act and type III secretion systems genes suggest that this strain 
possess a low virulence profile. This result was substantiated by cytotoxicity tests, where 
it was shown that Av27 is not cytotoxic for the mammal cells used (Figure 11 and Figure 
12). The relationship between the concentration of bacterial extracellular products (ECP) 
and their cytotoxic effect on Vero cells using the resazurin assay is shown in Figure 11. 
No cytotoxic effect was observed at the highest concentration of Av27 ECP (1:2) and also 
in the two-fold serial dilutions. Similarly no cytotoxic effects were observed for E. coli BL21 
(DE3) that was used as a non-toxic control strain. As expected, with A. piscicola AH-3, a 
cytotoxic positive control (Beaz-Hidalgo et al. 2009), severe decrease on the viability of 
Vero cells was observed. 
 
Figure 11. Resazurin-based cytotoxicity assay. Cytotoxicity effect on cell viability (in % values) was 
determined by using serial dilutions of Aeromonas molluscorum Av27 (Av27) extracellular products. 
Aeromonas piscicola AH-3 (AH-3) and Escherichia coli BL21(DE3) (BL21(DE3)) were used as positive and 
negative controls, respectively. Error bars indicate the standard errors of the means. 
 
Alterations on the morphological characteristics of Vero cells due to the effects of 
extracellular products of Av27 were analysed by phase contrast microscopy. As shown in 
Figure 12b no morphological alterations are observed on Vero cells treated with A. 
molluscorum Av27 ECP dilutions, and similarly, no cell morphology alterations in the 
untreated cells used as control (Figure 12a). In contrast, a marked reduction in the 
number of still-adhered Vero cells treated with A. piscicola AH-3 ECPs can be observed. 
Also, shrinkage of the cells, rounding and highly refringent cell remnants still attached is 
evident. 
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Figure 12. Evaluation of morphological alterations in Vero cells monolayers incubated (a) in the absence and 
(b) in the presence of Aeromonas molluscorum Av27 and (c) Aeromonas piscicola AH-3 supernatants, for 
24 h (1:2 dilution mixture of ECP:DMEM). 
 
The correlation between haemolytic and/or proteolytic activity and the pathogenic 
potential of Aeromonas has been proposed (Kirov 1993; Nacescu et al. 1992). In A. 
molluscorum Av27, haemolytic and proteolytic activity at 30ºC was not registered, 
supporting the cytotoxic result. Among aeromonads the presence of haemolysins seems 
to be variable. Ghenghesh and co-workers (2001) reported that enteropathogenic 
Aeromonas species isolated from untreated drinking water collected from four wells in 
Libya, 53%, 49%, 40% and 37% showed haemolytic activity to human, horse, sheep and 
camel erythrocytes, respectively. Also, A. hydrophila ATCC 7966 has an impressive array 
of genes encoding haemolysins, in contrast with the lower number and diversity of genes 
found in A. salmonicida A449 (Reith et al. 2008). Regarding the proteolytic enzymes, 
these were found in about 96% of the Aeromonas strains isolated from different 
environments in Portugal (Carvalho 2010). Usually, although these enzymes are present, 
apparently they do not have an essential role in virulence (Merino et al. 1999). Proteolytic 
enzymes are involved in degradation of host cell components, contribute to cell nutrition 
and assist the organism in the evasion from the host cell defenses, thus, facilitating the 
invasiveness and establishment of infection (Pemberton et al. 1997). 
Haemolytic, lipolytic, proteolytic and DNase activities were also tested at 37ºC (human 
body temperature). However, A. molluscorum could not grow on the agar plates at this 
temperature. 
The genus Aeromonas typically shows an antibiotic susceptible profile (Janda and 
Abbott 2010; Martin-Carnahan and Joseph 2005). Classically, aeromonads are inherently 
resistant to ampicillin, with the exception of A. trota specimens (Janda and Abbott 2010) 
which are sensitive to this drug. Also, several other isolates from other species (A. 
hydrophila, A. caviae, A. jandaei, A. molluscorum, among others) have been shown to be 
susceptible to this antibiotic (Janda and Abbott 2010; Martin-Carnahan and Joseph 2005; 
Saavedra et al. 2004) (Miñana-Galbis et al. 2004). 
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Antimicrobial susceptibility tests showed that Av27 strain is not considered a multi-
resistant strain, since it only revealed resistance to some ß-lactams, namely penicillin 
(10 µg), amoxicillin/clavulanic acid (30 µg) and cephalothin (30 µg) and it shows 
intermediate resistant to erythromycin (10 µg), an antibiotic belonging to the tetracycline 
group of antibiotics. The same results were reported by Miñana-Galbis et al. (2004) when 
Aeromonas molluscorum spp. was characterized for the first time. The type strain, A. 
molluscorum 848T is resistant to penicillin and sensitive to ciprofloxacin, gentamicin, 
imipenem, tetracycline and to the association between trimethoprim/sulfamethoxazole. 
The same sensitivity profile was observed in Av27. However, some differences could also 
be observed, such as all Aeromonas molluscorum spp. tested by Miñana-Galbis et al. 
(2004) are sensitive to amoxicillin/clavulanic acid (30 "g), whereas, Av27 is resistant to 
this drug. Also, Miñana-Galbis and collaborators (2004) found that various Aeromonas 
strains were resistant to erythromycin (15 "g) while Av27 is intermediately resistant to this 
antibiotic even at a lower concentration (10 "g). The differences in the antibiotic 
susceptibility among specimens of the same specie may result from different environment 
from which they were isolated and the selective pressure to which they are subjected to 
(Alonso et al. 2001; Kumarasamy et al. 2010). 
Aeromonas spp. are known to efficiently receive and disseminate plasmids carrying 
antibiotic resistances between unrelated bacteria in environment (Guerra et al. 2007; 
Marchandin et al. 2003) Also, the T3SS genes are encoded in pathogenicity islands from 
foreign sources and/or are located on plasmids, and are commonly subject to HGT (Tseng 
et al. 2009). Thus, the presence of plasmids in Av27 was studied. Five plasmids of about 
4 kb, 7 kb, 10 kb, 100 kb, and one larger than 100 kb were detected in A. molluscorum 
Av27. However, the conjugability of these plasmids and their pathogenicity potential were 
not studied so far. In fact, the role of plasmids in Aeromonas species pathogenicity has 
been poorly investigated. The best known form of plasmid mediated virulence in 
aeromonads is the secretion of toxic effectors by means of type III secretion systems 
machinery encoded in plasmids of A. salmonicida strains (Stuber et al. 2003). In other 
taxa, as for instance, in A. hydrophila the presence of a 21 kb virulence plasmid was 
described. This plasmid induces macrophage apoptosis and helps in the development of 
systemic infection in mice (Majumdar et al. 2009). Nonetheless, in the present study, the 
genetic basis of the factors responsible for the observed cytotoxicity were not investigated 
neither if the plasmid is itself a cytotoxic factor or if it has a regulatory role in cytotoxic 
factors expression and subsequent release. 
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Other genetic structures that have the ability to capture and promote the dissemination 
of antibiotic resistance or virulence genes are integrons. Those comprises a specific site 
for recombination and incorporation of gene cassettes that may encode virulence and 
resistance traits that can excise and undergo HGT, contributing, for instance, to the 
development of antibiotic resistance in members of the Enterobacteriaceae and 
Aeromonadaceae, among others (Jacobs and Chenia 2007; White et al. 2001). The 
screening for class I and class II integrase genes in A. molluscorum Av27 was negative 
suggesting a low ability to horizontally transfer of resistance genes in this bacterium. 
 
 
3.4.3 Cellular response to different growth parameters: temperature, pH and 
salinity 
As described by other authors, the cellular response of bacteria to growth conditions 
can determine its pathogenicity (Marsh et al. 1994; Mateos et al. 1993; Mirelman et al. 
1986; Prayitno and Latchford 1995). Also, the information provided by the different growth 
parameters (temperature, pH and salinity) provide the knowledge of the bacterium fitness 
and allows the recognition of its optimal growth conditions, which can be useful, for 
instance, for degradation studies. 
Figure 13 shows the results for Av27 growth at different temperatures, using the two 
different culture media (LB and TSB). Overall, Av27 grows better in LB medium, reaching 
higher values of optical density. The optimum growth temperatures in both culture media 
were from 25ºC to 30ºC. Lower growth was observed at 44ºC in both culture media. At 
37ºC also a low optical density values (below 0.5) were registered. At 4ºC, almost no grow 
was found up to 12 hours of incubation, thereafter the registered values exceeded even 
the growth at other temperatures. Thus, the growth range temperature was from 4 to 37ºC 
and the optimal growth occurred between 25-30ºC. A similar result was obtained, for 
instance, for other A. molluscorum (Miñana-Galbis et al. 2004) and A. piscicola (Beaz-
Hidalgo et al. 2009). 
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Figure 13. Growth of A. molluscorum Av27 in LB (A) and TSB (B) media, without agitation, for 56 h. Different 
temperatures were tested (4ºC, 25ºC, 30ºC, 37ºC and 44ºC). Growth was monitored as a change of 
absorbance at 600 nm. Standard deviations are indicated in the graph. 
 
 
Concerning the tolerance of A. molluscorum Av27 to salinity, the results (Figure 14) 
showed that an optimum growth is observed in LB medium with 4% NaCl; at 
concentrations higher than 7% of NaCl, Av27 could not grow. Similar results were 
reported by Miñana-Galbis et al. (2004) with other A. molluscorum strains that were able 
to grow in concentrations of up to 3% NaCl, but not at 6%. Aeromonads are commonly 
found in fresh, saline and estuarine environments (Henriques et al. 2006; Janda and 
Abbott 2010), where the salinity levels range between those tolerated by Av27. 
 
Figure 14. Growth of A. molluscorum Av27 in LB (A) and TSB (B) media for 56 h at 120 rpm. Different salinity 
concentrations were tested (0%, 1%, 1.5%, 4% and 7%). Growth was monitored as a change of absorbance 
at 600 nm. Standard deviations are indicated in the graph. 
 
 
To conclude this study, optimal pH for growth of A. molluscorum Av27 was also 
investigated (Figure 15). A distinct pattern of growth was observed with the different 
culture media used. So, in LB, only at a pH of 4.4 growth of Av27 was inhibited. Alkaline 
medium conditions (pH 9.0 and pH 10.0) can slightly decrease Av27 growth, as shown on 
graph A (Figure 15). On TSB growth was impaired at pH´s 4.4, 5.5 and 6.0. Thus in both 
culture media, better growth was registered at pH values between 7.2 and 9. Similar 
results were reported by Miñana-Galbis et al. (2004), where a pH of 9.0 was shown to be 
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ideal, and a pH of 4.5 was found to be the worst to the growth of other A. molluscorum 
strains. 
 
 
Figure 15. Growth of A. molluscorum Av27 in LB (A) and TSB (B) media for 56 h at 120 rpm. Different pH 
values were tested (4.4, 5.5, 6.0, 7.2, 8.0, 9.0, 10.0). Growth was monitored as a change of absorbance at 
600 nm. Standard deviations are indicated in the graph. 
 
 
3.5 Final remarks 
Our results showed that, although the presence of different virulence genes in 
Aeromonas molluscorum Av27 has been investigated in the present work, only exu, fla 
and pla genes could be detected. Also the extracellular activity of lipolysis was identified, 
however no cytotoxic effects on Vero cells were produced. Additionally, A. molluscorum 
Av27 showed to be resistant to penicillin (10 "g), amoxicillin/clavulanic acid (30 "g) and 
cephalothin (30 "g) and to the vibriostatic agent O/129. The presence of five plasmids 
was detected but no class I and class II integrons were present, indicating low HGT ability. 
The Av27’s optimal growth conditions found are at a temperature of 25°C, 1-4% salinity 
and pH 6.0-9.0. Concerning carbon and energy sources, Av27 uses D-maltose, D-
sucrose, D-mannitol, D-glucose, sodium acetate, salicin, L-arabinose L-histidine, D-
trehalose, L-proline, capric acid, glycogen, L-alanine and N-acetyl-glucosamine. 
In summary, the genotypic and phenotypic characterization of A. molluscorum Av27 
showed that the strain is not pathogenic and therefore can be employed as a tool for 
further research applications at the biotechnological level, as, for instance, in 
bioremediation studies. 
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4.1 Abstract 
The effect of tributyltin (TBT) on growth and metabolic activity of three estuarine 
bacteria with different TBT resistance profiles was investigated in an organic-rich culture 
medium (TSB) and in PBS buffer. 
Exposure to TBT was assessed by determining its effect on growth (OD600 nm 
measurement), bacterial productivity (leucine incorporation), viability (CFU counts), 
aggregation and cell size (from Live/Dead analysis), ATP and NADH concentrations. 
TBT exposure resulted in decreased of bacterial density, cell size and metabolic 
activity. In addition, cell aggregates were observed in the TBT treated cultures. TBT 
strongly affected bacterial cell metabolism and seemed to exert an effect on its 
equilibrium, interfering with cell activity. Also, TBT toxicity was lower when cells were 
grown in TSB than in PBS, suggesting that a nutrient rich growth medium can protect cells 
from TBT toxicity. 
This study contributes to our understanding of the TBT-resistant cell behaviour 
reflected in its physiology and metabolic activity. This information is utmost importance for 
further studies of TBT bioremediation. 
 
 
4.2 Introduction 
Tributyltin (TBT) is an organotin compound used as component of antifouling paints. In 
2008, the International Maritime Organization approved a complete ban on TBT use. 
However, given its persistence, TBT can be expected remain in waters and sediments for 
long periods of time (Fernandez et al. 2005; Ma et al. 2000; Sousa et al. 2007). 
TBT is toxic to non-target organisms such as prokaryotic and lower and higher 
eukaryotic organisms, including humans (Alzieu 2000; Cruz et al. 2007; Whalen et al. 
1999). Effects that have been reported include: i) interference with biological membranes, 
disturbing their integrity and ultimately compromising their physiological functions in 
prokaryotic and eukaryotic organisms (Alzieu et al. 1989; Cooney and Wuertz 1989); ii) 
TBT acts as an endocrine disruptor in oysters (Oehlmann et al. 1996); and iii) in bacteria, 
the uptake of amino acids and cell growth can be inhibited (Jude et al. 1996; Singh and 
Bragg 1979b). In E. coli, membrane-bound ATPase and energy-dependent pyridine 
dinucleotide transhydrogenase (TH) are inhibited by TBT (Singh and Bragg 1979a). 
Despite its toxicity to some organisms, TBT resistance has been described in bacteria 
(Cruz et al. 2007; Jude et al. 2004; Suzuki and Fukagawa 1995). Bacteria play an 
important role in biogeochemical cycles and have a strong impact in the organic matter 
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recycling and degradation of toxic compounds in marine systems. Therefore, it is 
important to further understand the TBT resistance mechanism, and the effect of TBT on 
enzyme activity, metabolism and viability in bacteria. 
According to the guidelines for studies of metal bioavailability and toxicity, and given 
the fact that is difficult to reproduce in the laboratory the natural environment conditions, 
new bioassay media should be developed or classic culture media should be adapted for 
each particular experiment. Media containing only inorganic salts are close to ideal from 
the chemical point of view, as long as the test organism can tolerate or survive in such 
conditions (Twiss et al. 2000). However, Bird (1985), Hughes and Poole (1991) reported 
that the composition of the growth medium can have a significant effect on the reactivity 
and bioavailability of a metal. Consequently, a given metal may exhibit vastly different 
toxicities when cells are grown in media with different composition. Therefore, in the 
present study, laboratory experiments were performed to evaluate the effect of TBT on the 
physiological activity of three estuarine bacteria (resistant and sensitive) grown in 
phosphate buffered saline (PBS), which is isotonic and non-toxic to cells, and an organic-
rich tryptone soy broth (TSB) medium. Parameters evaluated were: growth, viability, 
biomass production activity, aggregation and cell size, ATP and NADH concentrations. 
 
 
4.3 Materials and Methods 
4.3.1 Bacterial strains 
Three bacterial strains isolated from Ria de Aveiro (Portugal), and with different TBT 
resistance profiles, were selected for this study. These included two strains that were 
resistant to TBT at a concentration of 3 mM:  Aeromonas molluscorum Av27 (Cruz et al. 
2007), and Aeromonas molluscorum G.N1.24 (herein referred to as I18) (Henriques et al. 
2006a); and one strain that was TBT-sensitive: Shewanella algae/putrefaciens Av35 (Cruz 
et al. 2007). 
 
4.3.2 Bacterial growth conditions 
Bacteria were grown in TSB (Merck, Germany) or PBS (BDH, UK) with and without the 
addition of TBT (added as tributyltin chloride: TBTCl, 97%) (Fluka, Switzerland). 
Cells were grown in Erlenmeyer flasks containing 200 mL of TSB or PBS and 
incubated, in the dark, for 24 h in an orbital shaker at 26ºC and 250 rpm. For each strain, 
the treatments consisted of: i) PBS (PBS-control); ii) PBS containing 50 µM TBT (PSB-
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TBT); iii) TSB (TSB-control); and iv) TSB containing 50 µM of TBT (TSB-TBT). For each 
treatment, triplicate flasks were inoculated with 1 mL of an exponential phase culture 
(approximately 108 cells mL-1) of each bacterium. Sub-samples were withdrawn from each 
culture at 0, 6, 12 and 24 h after inoculation. 
 
4.3.3 Evaluation of growth and metabolic activities 
Growth. Bacterial growth was monitored by measuring the optical density at 600 nm 
(A600 nm), using a Lambda 16 Spectrophotometer (Cary 50B.O UV-visible 
spectrophotometer-Varian). 
 
Cell viability. Aliquots were serially diluted (up to 10-9) in Ringer solution and pour-
plated in TSA (tryptic soy agar, Merck, Germany). Plates were incubated at 26ºC for 14-
16 h. Colony-forming units (CFU) were enumerated and expressed as counts per mL of 
the initial suspension. Duplicates of each dilution were plated. 
 
Bacterial biomass production (BBP). BBP was determined using the 3H-leucine 
incorporation method as described by Smith and Azam (1992). For each strain x sampling 
time combination, three aliquots (1.5 mL) of the bacterial culture were placed into 
microtubes and incubated for 1 h at 26ºC, with 3H-leucine (specific activity 63.0 Ci nM, 
Amersham, USA) at a saturation concentration of 483 nM. Additionally, one trichloroacetic 
acid (TCA)-killed control was included. After centrifugation, the supernatant was removed 
and the pellet washed twice, first with TCA (20%) and then with ethanol (80%). Ethanol 
was removed and the tubes were kept open during the night allowing the samples to air-
dry. After 48 h, radioactivity was measured in a liquid scintillation counter (Beckman LS 
6000 IC, USA) with scintillation cocktail UniverSol (ICN Biomedics, USA). BBP was 
calculated from the 3H-leucine incorporation rate into the insoluble fraction using a ratio of 
cellular carbon to protein of 0.86 and a fraction of leucine in protein of 0.073 (Smith and 
Azam 1992). 
 
Microscopic observation using Live/Dead method. Microscopic observation of the 
TBT resistant strains was performed using 1 mL aliquots of duplicate sub-samples, 
growing with and without TBT. Only the resistant strains (Av27 and I18) were used, as the 
sensitive strain (Av35) did not grow in the presence of TBT. Each 1 mL sample was 
treated with 3 "L of a dye mixture (propidium iodide and SYTO 9, LIVE/DEAD® BacLightTM 
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of bacterial viability kit, Molecular Probes, USA), yielding a final concentration of 30 µM; 
propidium iodide and 6 µM Syto 9. The sub-samples were incubated for 15 min in the dark 
at room temperature (according to the manufacturer’s instructions), filtered through 0.2 µm 
black polycarbonate membranes (Poretics, USA) and mounted between a slide and cover 
slip with BacLight mounting oil (Molecular Probes, USA). Cells were observed using 
epifluorescence microscopy with Zeiss filter 18 AF430. 
 
Determination of ATP concentration. A 500 µL aliquot of each sample was added to 
500 µL of Tris-HCl buffer (0.02 M, pH 7.75) and extracted at 95ºC for 5 min. A commercial 
solution of the luciferine-luciferase reaction mixture was prepared according to 
manufactures instructions (Sigma kit, Germany). ATP concentrations were determined 
according to the protocol: 100 µL of the extract were added to 100 µL of the reaction 
mixture diluted 1:3 in Tris-HCl buffer (0.02 M, pH 7.75). A blank was prepared with the 
buffer solution. Light emission was determined using a luminometer (Luminoskan TL, 
Labsystems, Australia) and was converted to ATP concentration (Karl and Holm-Hansen 
1978) using a calibration curve constructed with ATP standards (0.001 to 10000 µg L-1). 
Three independent replicate readings were performed for each experimental condition. 
 
Determination of NADH concentration. A 3 mL aliquot of each sample (in triplicate) 
was centrifuged at 5000xg for 10 min. Extracellular NADH was determined by immediately 
analysing the supernatant using fluorescence with excitation at 340 nm and emission at 
440 nm. Intracellular NADH was determined by analysing the pellet containing bacterial 
cells. The pellet was resuspended in 3 mL of pre-heated Tris-HCl buffer (0.02 M, pH 7.75) 
extracted at 80ºC for 20 min, centrifuged at 5000xg for 10 min, and the supernatant 
analysed by reading the fluorescence with excitation at 340 nm and emission at 440 nm. 
A NADH solution with a known concentration (0.75 mg L-1) (Applichem, Germany) was 
added to each sample after the first reading and was used as internal standard after a 
subsequent reading of fluorescence (adapted from Wos and Pollard 2006). 
 
4.3.4 Statistical analysis 
Statistical analyses were performed with GraphPad Prism5 (GraphPad Software, Inc.). 
One-way univariate analysis of variance model (ANOVA) was used, followed by Dunnett 
test (when applicable) to discriminate significant differences between exposed and 
unexposed conditions. A value of p< 0.05 was considered significant. 
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4.4 Results 
4.4.1 Growth and bacterial biomass production (BBP) 
Both resistant bacteria, Av27 and I18, grew better in the rich medium (TSB) both in the 
absence and presence of TBT. In the presence of TBT, strain Av27 showed a longer log 
phase (Figure 16). The TBT-sensitive strain, Av35, was unable to grow in the presence of 
TBT in either medium (Figure 16). 
 
 
Figure 16. Growth of A. molluscorum (Av27 and I18) and S. algae/putrefaciens (Av35) in TSB and PBS, with 
(50 µM) or without TBT. Growth occurred at 26ºC for 24 h and 250 rpm, and it was monitored as a change of 
absorbance at 600 nm. Standard deviations are indicated in the graph. (%): TSB-control; (&): TSB-TBT; ('): 
PBS-control; (!): PBS-TBT. 
 
Resistant strains showed higher colony counts after growth on TSB agar plates, even 
in the presence of TBT (Figure 17). Moreover, colony counts in the TSB-TBT treatment 
remained constant throughout 24 h exposure. Whereas colony counts in the PBS-control, 
remained relatively constant throughout the test exposure, colony counts in the PBS-TBT 
tended to decrease with exposure time. Av35 showed an increase in colony counts during 
the first 6 h in both PBS and TSB-controls. In the presence of TBT, however, there was a 
significant decrease in colony counts in both media [i.e., ca. 50% in TSB-TBT (p< 0.005) 
and 100% in PBS-TBT (p< 0.0001). 
 
 
Figure 17. Colony forming units (CFU) of A. molluscorum (Av27 and I18) and S. algae/putrefaciens (Av35) 
growing in TSB plates after incubation in TSB and PBS, with (50 µM) or without TBT. Plates were incubated at 
26ºC. Standard deviations are indicated in the graph. (%): TSB-control; (&): TSB-TBT; ('): PBS-control; (!): 
PBS-TBT. 
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Microscopic observation revealed a slight decrease in cell size of the resistant strains 
with increased exposure to TBT and the formation of aggregates in the TBT-exposed 
cultures (data not shown). BBP of strain Av27, in the TSB-control, increased gradually 
with time – increasing from 0.2 to 10.8 µg C L–1 h–1 (Figure 18) - following the same trend 
as the growth curve shown in Figure 16. During the first 6 h, an increase in productivity 
was observed under all tested conditions, except in PBS-TBT. A 36% decrease in 
productivity was observed after 6 h in TSB-TBT. For resistant strain I18, peak BBP in the 
controls was observed (Figure 18) at 6 h of growth (12.3 µg C L–1 h–1 in TSB and 
9.0 µg C L–1 h–1 in PBS), followed by a 42% to 54% reduction in BBP over the next 6 h. In 
the TSB-control, BBP decreased by 48% (10.7 µg C L–1 h–1) between 12 h and 24 h. 
When I18 cells were exposed to TBT, biomass productivity decreased significantly (p< 
0.05) in both PBS and TSB, when compared to the control conditions. In all cases, the 
negative effect of TBT was more severe in PBS than in TSB. The productivity of the 
sensitive strain Av35 was less than 4 µg C L–1 h–1 even in TSB-control. 
 
 
Figure 18. Bacterial biomass productivity (BBP) of A. molluscorum (Av27 and I18) and S. algae/putrefaciens 
(Av35) growing in TSB and PBS, with (50 µM) or without TBT. Standard deviations are indicated in the graph. 
(%): TSB-control; (&): TSB-TBT; ('): PBS-control; (!): PBS-TBT. 
 
 
4.4.2 ATP and NADH concentration 
ATP concentration, as a proxy of energy production, is shown in Figure 19. ATP 
concentration of the resistant strains, increased with time, showing the same tendency 
observed in BBP and cell growth. In both Av27 and I18, a decrease in ATP concentration 
was observed when TBT was present. In Av35, increased ATP concentration was 
observed only in the TSB-control. 
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Figure 19. ATP concentration resulting from the growth of A. molluscorum (Av27 and I18) and S. 
algae/putrefaciens (Av35) in TSB and PBS, with (50 µM) or without TBT. Standard deviations are indicated in 
the graph. (%): TSB-control; (&): TSB-TBT; ('): PBS-control; (!): PBS-TBT. 
 
NADH concentration, reflecting oxidation/reduction activity in bacteria, increased 
during the first 6 h, in both the intracellular (Figure 20A) and extracellular fractions (Figure 
20A). Following this, and up to 12 h (late log phase), a decrease in the intracellular NADH 
concentration was detected, in the resistant strains. During the same period, intracellular 
NADH in the sensitive strain (Av35) increased in cells grown in the PBS-control. After 
12 h, the extracellular fraction of NADH remained practically constant under all the tested 
conditions, with the exception of the decreased noticed for Av27 in the presence of TBT 
(Figure 20). 
 
 
Figure 20. Intracellular (A) and extracellular (B) NADH concentration resulting from the growth of A. 
molluscorum (Av27 and I18) and S. algae/putrefaciens (Av35) in TSB and PBS, with (50 µM) or without TBT. 
Standard deviations are indicated in the graph. (%): TSB-control; (&): TSB-TBT; ('): PBS-control; (!): PBS-
TBT. 
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4.5 Discussion 
Bacterial metabolism studies are fundamental to our understanding of the response of 
bacteria to toxic compounds in the environment. Moreover, a comprehensive 
understanding of the bacterial metabolism can be useful in predicting or designing 
biological processes such as pollutant degradation, biomass turnover and substrate 
utilisation (Baatout et al. 2007). TBT is one of the most dangerous pollutants actively 
introduced into the environment (Goldberg 1986). Therefore, the chronic negative effects 
of TBT, even in low concentrations, are worrisome. Indeed, a wide variety of organisms 
are affected by this compound (Bekri and Pelletier 2004; Fent 1996; Sousa et al. 2005; 
Thomas et al. 2005). 
Our results, obtained for a variety of metabolic parameters, reinforced the finding that 
TBT toxicity was lower in TSB medium than in PBS. This is most likely due to the 
presence of organic compounds that complex (sequester) TBT. Ramamoorthy and 
Kushner (1975), for example, reported large reductions in the bioavailability of mercury, 
copper, cadmium and lead when added to different microbial growth media, including 
TSB. Farrell and collaborators (1993) also reported that the toxic effect of metals on 
bacterial cells is different depending on the characteristics of the growth media. In strain 
Av27, a longer log phase was observed when TBT is present, suggesting that cells are 
adapting to TBT toxicity, and are probably expressing genes responsible for TBT 
resistance. In PBS, organic matter is not available to form complexes with TBT, which 
remains more bioavailable. This was evident from its strong toxic effect on the resistant 
strains. Although TBT acts on membrane proteins (von Ballmoos et al. 2004), these 
proteins also can constitute a barrier to TBT uptake, thus limiting its access to the site of 
action. Also, the expression of specific proteins involved in resistance can occur as an 
adaptive response. 
An intact cytoplasmic membrane and an active transport system are essential for a 
fully functional healthy cell (Fakhruddin and Quilty 2006). Our results suggest that the 
cytoplasmic membrane is a possible target of TBT. Nevertheless, some of the TBT-
exposed cells remain viable or can recover from the damages induced to the cell 
membrane and were still able to form colonies when transferred to a medium without TBT. 
This ability to recover from TBT exposure was severely diminished in the TBT-sensitive 
strain, Av35, and was moderately diminished in the resistant strains, Av27 and I18, when 
prior exposure to TBT occurred in the PBS medium. This could be an additional evidence 
that biotoxicity of TBT is moderated by the composition of the growth medium and that the 
Av35 strain lacks the protective mechanism present in the resistant strains. 
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In the resistant strains, microscopic observation showed that cell size tended to 
decrease when exposed to TBT for extended period of time. This can contribute to a 
reduction in energy consumption, and reflects a survival response during starvation (Amy 
and Morita 1983; Fakhruddin and Quilty 2006; Makarov et al. 1998; Mueller 1996). Cell 
aggregates were observed after 6 h in PBS-TBT. This feature can be due to the slow 
growth or starvation in PBS, or may constitute a strategy to overcome the physical and 
chemical stress induced by TBT. Since Av27 strain uses TBT as a carbon source (Cruz et 
al. 2007), its arguable that aggregation can be a result of substrate acquisition when cells 
grow in a carbon free medium, such as PBS. In order to obtain carbon from TBT, cells 
drive their energy to this end compromising other metabolic functions (cell growth, 
division). Therefore, aggregation could have a protective effect to the cell. Similar results 
were reported by Bossier and Verstraete (1996) in bacterial cells growing in activated 
sludge. Our results also showed that the energetics of metabolism was strongly affected 
by TBT. That is, TBT exposure resulted in a decrease in ATP concentration, even in the 
resistant strains. Their energy production system seems to be partially inhibited, as has 
been reported for exposures to high concentrations of zinc (Deanross 1990) and selenium 
(Chander and Joergensen 2007). The inhibitory effect of TBT on ATP synthetase and 
related enzymes is well known (von Ballmoos et al. 2004) and was confirmed in this study. 
Changes in NADH concentration were related to the growth conditions. A peak in 
NADH concentration occurred 6 h after exposure to TBT, which could be the result of a 
stimulatory effect of TBT on enzymatic systems during the initial growth phase as was 
previously reported for mercury (Gadd and Griffiths 1978). 
Overall, response to the presence of TBT included a delay in cell division as reflected 
in bacterial density, a decrease in cell size, the occurrence of cell aggregation, and a 
decrease in metabolic activity – all suggesting that TBT significantly affects cell 
equilibrium. 
We could speculate that a comparison of the resistance pattern exhibited by the same 
strain under different culture conditions (namely nutrient availability and composition) may 
activate other different resistance mechanisms depending on the surrounding 
environment. This situation can be extrapolated to the natural environment, where 
bacteria shift between activity levels, depending on the nutritional, chemical and physical 
conditions of the environment (Ball et al. 2006; Suzuki et al. 1998). 
Aeromonas molluscorum Av27 maintained high levels of TBT-resistance, and 
exhibited good metabolic activity, under different conditions. Due to its ability to degrade 
TBT (Cruz et al. 2007), strain Av27 may have potential to be used in TBT bioremediation. 
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The present study provides the background information needed for the future application 
of TBT resistant strains (as Av27) in bioremediation. 
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5.1 Abstract 
The mechanism of bacterial resistance to tributyltin (TBT) is still unclear. The results 
herein presented contribute to clarify that mechanism in the TBT resistant bacterium 
Aeromonas molluscorum Av27. We have identified and cloned a new gene that is involved 
in TBT resistance in this strain. The gene is highly homologous (84%) to the Aeromonas 
hydrophila-sugE belonging to the small multidrug resistance (SMR) family, which includes 
genes involved in the transport of lipophilic drugs. In Av27, expression of the Av27-sugE 
was observed at the early logarithmic growth phase in the presence of a high TBT 
concentration (500 "M), thus suggesting the contribution of this gene for TBT resistance. 
E. coli cells transformed with Av27-sugE become resistant to ethidium bromide (EtBr), 
chloramphenicol (CP) and tetracycline (TE), besides TBT. According to the miLogP 
values, EtBr, CP and TE have similar properties and are substrates for the sugE-efflux 
system. Despite the different miLogP of TBT, E. coli cells transformed with Av27-sugE 
become resistant to this compound. So it seems that TBT is also a substrate for the SugE 
protein. The modelling studies performed also support this hypothesis. The data herein 
presented clearly indicates that sugE is involved in TBT resistance of this bacterium. 
 
 
5.2 Introduction 
Tributyltin (TBT) is one of the most toxic xenobiotics deliberately introduced into the 
environment by Man (Goldberg 1986). It has been employed in a variety of industrial 
processes and it is subsequently discharged into the environment (Gadd 2000). 
Production, use and export of TBT were prohibited in developed countries, since the 
1990s by the International Maritime Organization (IMO). The European Union (EU) 
introduced the Directive 2002/62/EC that forbids the use of TBT in any boat after 2008. 
However, considering the long half-life of degradation of TBT, it is likely that it will remain 
in the water column and sediments for up to twenty years after the cessation of TBT 
inputs into the environment. The presence of TBT in the ecosystem has being reported to 
be toxic to eukaryotes and prokaryotes. Examples of the effects of TBT in eukaryotes are 
the imposex (Barroso et al. 2000), which is the superimposition of male characters onto 
gastropods females, and immune system inhibition and endocrine disruption in humans 
(Dubey et al. 2006). In bacteria, the interference with biological membranes (Cooney and 
Wuertz 1989; Cruz et al. 2012) and the inhibition of amino acids uptake and growth (Jude 
et al. 1996; Singh and Bragg 1979b) has been reported. 
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Some microorganisms are able to resist/degrade TBT (Cruz et al. 2007; Mimura et al. 
2008; Suzuki and Fukagawa 1995), being this, a phenomenon of relevance to the 
environmental cycling of this compound. Previous studies suggested that Aeromonas 
species are intrinsically resistant to TBT (Cruz et al. 2008). Considering TBT 
tolerance/resistance of bacteria, various possible mechanisms have been proposed: (i) 
TBT efflux systems (Fukagawa and Suzuki 1993; Hernould et al. 2008; Jude et al. 2004); 
ii) transformation into less toxic compounds (dibutyltin, DBT and monobutyltin, MBT) by 
biotic and abiotic factors (Cruz et al. 2007; Pain and Cooney 1998); (iii) 
degradation/metabolic utilization as carbon source (Cruz et al. 2007; Kawai et al. 1998) 
and (iv) bioaccumulation into the cell without breakdown of the compound (Dubey and 
Roy 2003). Altogether, these findings suggest that the mechanism of TBT resistance is 
quite complex and not unique among different bacterial strains. Nevertheless, and so far, 
the resistance mechanism has not been fully elucidated in bacteria. 
Aeromonas molluscorum Av27 was isolated from a moderately TBT polluted estuarine 
sediment and it is highly resistant to TBT (up to 3 mM) (Cruz et al. 2007). Previous studies 
reported the degradation of TBT to DBT and MBT, and also its use as carbon source by 
the Av27 strain (Cruz et al. 2007). In the present work, a chromosomal fragment from this 
strain was isolated and cloned in E. coli HB101, conferring resistance to TBT to those 
cells (Cruz et al. 2010). The complete open reading frame (ORF) of that fragment has 
high homology with A. hydrophila-sugE, encoding the SugE protein. SugE belongs to the 
small multidrug resistance (SMR) family and it is involved in the transport of lipophilic 
drugs (Sikora and Turner 2005). Herein, we show that the expression of Av27-sugE is 
triggered in response to TBT. The selective effect of resistance to xenobiotics, including to 
TBT, was also investigated. A theoretical model of Av27-SugE protein was obtained that 
contributes to the understanding of TBT transport into the bacterial cell. 
 
 
5.3 Materials and Methods 
5.3.1 Bacterial strains and growth conditions 
Aeromonas molluscorum Av27 was isolated from sediment collected at Ria de Aveiro, 
Portugal (Cruz et al. 2007). Av27 strain was selected to study the gene(s) that are 
involved in TBT resistance based on their TBT resistance profile up to 3 mM (Cruz et al. 
2007). The strain was maintained in Tryptic Soy Agar (TSA) plates (Merck, Germany) at 
4ºC. Growth in liquid culture of Av27 and E. coli HB101 occurred in Tryptic Soy Broth, 
TSB (Merck, Germany) at 26ºC and in LB-Bouillon Miller broth, LB (Merck, Germany) at 
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37ºC, respectively, and at 250 rpm. Cloning and sub cloning experiments were made in E. 
coli HB101 (Promega, USA). When necessary, the following selective agents were added 
to the growth media: ampicillin at 50 µg mL-1 and TBTCl (97%) (Fluka, Switzerland) at 
0.05 to 3 mM. Hereafter, TBTCl will be referred as TBT. In all the experimental conditions 
where TBT was added, procedures were performed in the dark to avoid compound 
degradation. 
 
 
5.3.2 DNA extraction and analysis 
Total DNA was extracted using “Genomic DNA purification kit” (MBI Fermentas, 
Lithuania). GFX “Micro Plasmid Prep kit” (GE Healthcare, USA) was used to perform mini-
preparations of plasmid DNA and midi-preparations were achieved by alkaline lyses 
procedure (Sambrook et al. 1989). Restriction digests were carried out according to the 
supplier’s instructions (MBI Fermentas, Lithuania) and analyzed by electrophoresis on 
agarose gels in TAE (Sambrook et al. 1989). 
 
 
5.3.3 Cloning experiment 
BamHI genomic DNA from A. molluscorum Av27 (2 µg) were ligated (T4 DNA ligase, 
MBI Fermentas, Lithuania) to 1 µg of BamHI digested-pUC19, treated with alkaline 
phosphatase (MBI Fermentas, Lithuania), and transformed into E. coli HB101 cells 
according to the manufacturer´s instructions (Promega, USA). Screening for TBT-resistant 
clones was carried out primarily on LB agar plates with ampicillin. Afterwards, ampicillin-
resistant clones were transferred to LB agar plates containing ampicillin and 100 "M of 
TBTCl. From all the clones, one TBT-resistant clone 69, containing an insert with 5.4 kbp, 
was selected for further studies. 
 
 
5.3.4 DNA sequencing and analysis 
Nucleotide sequence of the fragment inserted into pUC19 was determined in an ABI 
PRIM 3700 (Macrogen Company: http://www.macrogen.com). Nucleotide and deduced 
amino acid sequences were analysed using GENETYX-WIN version 5.1.1 and the BLAST 
program available from National Center for Biotechnology Information server 
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(http://www.ncbi.nlm.nih.gov/BLAST/). In clone 69, six different ORFs were identified as 
candidate genes involved in TBT resistance. 
 
5.3.5 Sub cloning experiments 
Specific primers were designed to amplify the candidate ORFs that were sub cloned in 
HB101 cells (see Table 15). Designed primers contained at each terminal the BamHI and 
HindIII restriction sites (Table 15), allowing ligation into the BamHI/HindIII pUC19 vector. 
Ligated fragments were transformed in E. coli HB101 competent cells. 
 
Table 15. Oligonucleotides used to amplify each ORF from clone 69. 
ORF to amplify Oligonucleotide name Oligonucleotide sequence (5’-3’) 
69A GAGAGAGAATTCATGATGCTGCACCTTAAGCTCGGC 
P1 
69B GAGAGAAAGCTTTCAGCGTCGTGACCAGCACCC 
69C GAGAGAGAATTCATGACCATAACCTCTGAGCACGGT 
P2 
69D GAGAGAAAGCTTTCAACTTTCGATCAACTCGTGACG 
69E GAGAGAGAATTCATGAGTAGCCAGGCGCCAGCC 
P3 
69F GAGAGAAAGCTTCTATGACTGTCCCTTGCCGAGCCT 
69G GAGAGAGAATTCATGGCGGAGGATCTCACCGAGTAT 
P4 
69H GAGAGAAAGCTTTCAGAGGTTATGGTCATACTGCAG 
69I GAGAGAGAATTCATGACAGACCACACTTTTATACCC 
P5 
69J GAGAGAAAGCTTTTACTGCCAGTTGAAGTTGCGTTT 
69K GAGAGAGAATTCATGTTCATGCCCTGGATATTGCTG 
P6 
69L GAGAGAAAGCTTTCAACCGATGGCTTTGAGACCCAG 
 
 
PCR was carried out in 50 "L reaction mixture consisting of 3.0 mM MgCl2, 0.3 pmol 
of each oligonucleotide (Table 15), 0.2 mM of each dATP, dCTP, dGTP, and dTTP, 1x 
Green GoTaq®Flexi Buffer (Promega, USA), 1 U GoTaq® DNA polymerase (Promega, 
USA), 10-100 ng plasmid DNA of clone 69. Twenty-five amplification cycles were carried 
out under the following conditions: denaturation at 95ºC for 0.5 min, annealing at 50-62ºC 
for 1 min, and extension at 72ºC for 1 min kb-1. 
 
5.3.6 Av27-sugE: a gene involved in TBT resistance 
TBT resistance of each sub clone was confirmed by growth in LB medium 
supplemented with ampicillin (50 "g mL-1), with (100 "M) and without TBT, at 37ºC and 
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250 rpm. Growth was recorded as a change of optical density at 600 nm. pUC19 vector 
transformed into E. coli HB101 was used as negative control. One sub clone (ORF P6: 
Av27-sugE) showed a similar growth pattern to that of the original clone 69 and was 
therefore selected for further studies and characterization. 
 
 
5.3.7 Expression analysis of Av27-sugE 
Expression of Av27-sugE in A. molluscorum Av27 was investigated by Real Time-
qPCR. The strain was grown in the presence of three different concentrations of TBT (0, 
100 and 500 µM) at 26ºC and 120 rpm. To improve the accuracy of the results, seven 
independent replicates were prepared for each condition. At an optical density (A600 nm) of 
0.2 (early growth phase), 0.5 (mid growth phase) and 1 (late growth phase) the cells were 
pelleted by centrifugation and immediately frozen at -80ºC. Total RNA was extracted with 
the RNeasy Mini kit (Qiagen, Germany) and DNA was completely removed with the Turbo 
DNA-free kit (Ambion, USA) according to the supplier’s instructions. RNA concentration 
and integrity were determined with the Nanodrop (Thermo Scientific, USA) and by 
agarose gel electrophoresis. One microgram of RNA was used for reverse transcription 
(RT) reaction using the ReverTra Ace qPCR RT Kit (TOYOBO, Japan). RT-qPCR was 
performed in the Applied Biosystems StepOne equipment, using the Fast SYBR Green 
Master Mix kit (Applied Biosystems, USA) according to the manufacturer’s instructions. A 
control sample (with and without RT enzyme) was also included in the analysis. Specific 
primers (5’-ATGCCCTGGATATTGCTGCTC-3’ and 5’-
GGGTGAAACCTTGGGTGTATTTG-3’) to amplify Av27-sugE gene were designed based 
on the Av27-sugE sequence, using the Primer3Plus program available at 
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi. 16S rRNA gene was 
included as internal standard. The relative quantity of gene expression was calculated 
using ((Ct method (Biosystems 2004). Statistical analysis was performed with GraphPad 
Prism5 (GraphPad Software, Inc., USA). 
 
5.3.8 Modelling of Av27-SugE protein 
A theoretical model of Av27-SugE protein using MODELLER (Sali and Blundell 1993), 
employing the Escherichia coli EmrE cryomicroscopy structure (Ubarretxena-Belandia et 
al. 2003) as the template (protein databank code: 2I68), was constructed. The complete 
Av27-SugE protein and EmrE protein sequence share 34% sequence identity. Only the 
transmembrane helices of EmrE were experimentally determined hence, only the 
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transmembrane helices of Av27-SugE protein were modelled. This corresponds to the 
Av27-SugE protein residue segments:  3-20, 33-51, 57-79, 87-104, 107-124, 141-155, 
161-180, 190-207. These segments correspond to the four transmembrane #-helices of 
each monomer. 20 models were generated using an initial alignment between the Av27-
SugE protein and EmrE protein sequence carried out with MODELLER. The model with 
the lowest objective function (Sali and Blundell 1993) was chosen and its quality was 
evaluated based on the stereochemistry of the generated model given by Procheck 
(Laskowski et al. 1993). 
 
5.3.9 Determination of minimum inhibitory concentration (MIC) 
The resistance profiles of E. coli HB101 transformed either with Av27-sugE (E. coli 
HB101/Av27-sugE) or pUC19 vector (E. coli HB101/pUC19) to several chemicals were 
determined and compared. A broad range of toxic compounds, including representatives 
of cationic dyes, neutral and anionic antimicrobials were used. The following compounds 
were tested: (i) cationic dyes: ethidium bromide (Applichem, USA, stock solution at 
6 mg mL-1 prepared in distilled water), proflavine (Sigma-Aldrich, Germany, stock solution 
at 1 mg mL-1 prepared in distilled water), crystal violet (Merck, Germany, stock solution at 
1 mg mL-1 prepared in absolute ethanol), cetylpyridinium chloride (Sigma-Aldrich, 
Germany, stock solution at 1 mg mL-1 prepared in distilled water); (ii) neutral antimicrobial: 
chloramphenicol (Biochemical, England, stock solution at 25 mg mL-1 prepared in 
ethanol), (iii) other antimicrobial: tetracycline (Sigma-Aldrich, Germany, stock solution at 
12.5 mg mL-1 prepared in ethanol) and (iv) organotin compounds: TBT (stock solution at 
0.1 M prepared in absolute ethanol), dibutyltin (Fluka, Switzerland, stock solution at 0.1 M 
prepared in absolute ethanol). 
Serial two-fold dilutions of the drugs were analysed using the microwell dilution assay. 
Serial dilutions of each drug to be tested were prepared in LB medium containing 
ampicillin (150 "g mL-1). After placing 100 "L of these dilutions into the 96-well plates, 
100 "L of the bacterial cultures (E. coli HB101/Av27-sugE and E. coli HB101/pUC19), 
previously grown in LB medium containing ampicillin and with turbidity adjusted to 0.5 
McFarland standard, were also added to the wells. Controls were prepared as above but 
no drug was added. The final volume in each well was 200 "L. The plates were covered 
with sterile plate sealers and incubated at 37ºC for 24 h. Microbial growth was recorded at 
an optical density at 595 nm, with a microwell plate reader (iMarkTM microplate reader, 
Biorad, USA). All the tests were performed in triplicate. 
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5.3.10 Statistical analysis 
Statistical analysis of the data obtained in the gene expression and MIC experiments 
were performed with GraphPad Prism 5 (GraphPad software, Inc., USA). One-way 
univariate analysis of variance model (ANOVA) was used, followed by the Tukey test to 
discriminate significant differences between all the tested conditions. A value of p< 0.05 
was considered significant. 
 
5.3.11 Nucleotide sequence accession number 
The nucleotide sequence of ORF P6 (encoding Av27-sugE) is deposited in the 
GenBank under the accession number FJ225136. 
 
 
5.4 Results and Discussion 
5.4.1 Av27-sugE gene is involved in TBT resistance 
A BamHI DNA library of A. molluscorum Av27 was constructed in E. coli HB101. One 
clone (clone 69) containing a fragment of ~5.4 kbp was selected for further studies, due its 
high TBT-resistance. The nucleotide sequence of the fragment was determined and 
compared with other sequences deposited in the GenBank database. Six different ORFs 
were defined in clone 69, constituting the candidate genes responsible for TBT resistance 
(Figure 21 and Table 16). 
 
 
Figure 21. Schematic representation of six ORFs, and their respective orientation, identified in clone 69. 
Arrows indicate the ORFs orientation. 
 
Table 16. Homologies and percentage of identity of the ORFs identified in clone 69. 
 
 
 
 
 
 
ORF % Identity with Protein Homology Size (bp) 
P1 95%; A. hydrophila Excinuclease ABC subunit B 924 
P2 85%; A. salmonicida Excinuclease ABC subunit B 282 
P3 71%; A. hydrophila Ded A 771 
P4 91%; A. hydrophila Excinuclease ABC subunit B 366 
P5 89%; A. salmonicida Hypothetical protein ASA-2350 1755 
P6 84%; A. hydrophila SugE 315 
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Each of the identified ORFs were individually sub cloned into competent E. coli HB101 
cells, and growth experiments in liquid media were performed with each of the sub clone 
in LB medium containing ampicillin and 100 "M TBT. Sub cloning of ORF P6 (Av27-sugE) 
conferred the highest phenotypic resistance to TBT to E. coli HB101 cells (Figure 22). 
This clone contained the pUC19 vector with an inserted fragment of 315 bp, whose 
deduced amino acid sequence has high homology (84% homology) to the SugE protein of 
A. hydrophila. SugE belongs to the small multidrug resistant (SMR) proteins, a family of 
small ($12 kDa) integral inner membrane proteins. In the case of Av27-SugE, the 
hydropathy profile (data not shown) revealed that the protein is highly hydrophobic, like 
other members of the SMR family. These are characterized by spanning the cytoplasmic 
membrane as four transmembrane (TM) #-helices (Paulsen et al. 1996b) with short 
hydrophilic loops which make them very hydrophobic (Yerushalmi et al. 1996). 
 
 
 
Figure 22. Growth of different clones under TBT exposure. Growth occurred in LB with ampicillin 
(150 "g mL-1) and 100 "M of TBT, at 37ºC, 250 rpm, and it was monitored as a change of absorbance at 
600 nm. Standard deviations are indicated in the graph. (&): E. coli HB101/P6, encoding Av27-sugE gene; (%): 
E. coli HB101/69 and (-): E. coli HB101/pUC19, negative control. 
 
 
5.4.2 sugE expression in Av27 strain 
The expression of Av27-sugE gene was investigated in Av27 strain, in the presence 
and absence of TBT. As shown in Figure 23, when cells grow without TBT, Av27-sugE 
gene is only expressed at a residual level (relative expression level lower than 5), 
independently of the growth phase of the cells. The same results were observed when 
cells were grown in the presence of 100 µM of TBT. However, different relative expression 
levels were observed when TBT was added at 500 µM. The expression of Av27-sugE was 
sugE is involved in TBT resistance 
 103 
significantly higher at the early growth phase (Figure 23A) (p < 0.05), whereas at the mid 
and late growth phase (Figure 23B, C), no significant differences were observed. These 
results indicate that the expression of Av27-sugE occurred at a high concentration of TBT 
and specifically increased at the early growth phase. At later growth phases no expression 
of Av27-sugE was observed. Since Av27 is highly resistant to TBT (Cruz et al. 2007) it 
appears that concentrations of 100 "M of TBT are not high enough to trigger the relative 
expression of Av27-sugE. Still, a higher concentration of TBT, for instance 500 "M, that is 
considered to be lethal for most bacteria (Cruz et al. 2007), seems to induce the 
expression of this gene allowing bacteria to cope with the presence of the compound. 
These results confirm the involvement of Av27-sugE in the TBT resistance exhibited by 
this strain. 
 
 
Figure 23. Relative expression levels of Av27-sugE gene in A. molluscorum Av27. Cells were grown without 
(0) and with TBT (100 and 500 "M). Samples were analysed at different growth phases. A: early log phase 
(OD600 nm= 0.2), B: mid log phase (OD600 nm= 0.5) and C: late log phase (OD600 nm= 1). Values were normalized 
against 16S rRNA, the internal standard and each sample was run in triplicate. * A value of p< 0.05 was 
considered significant. 
 
Since the relative expression of the Av27-sugE was only observed in the early growth 
phase, it seems that this rapid response to TBT is similar to that observed with iron-
repressible outer membrane proteins of Actinobacillus pleuropneumoniae, that happened 
within 15 to 20 min after establishment of iron starvation (Nielsen and Boye 2005). 
Similarly, in another study with E. coli, growth phase-dependent expression was reported 
for other genes, namely mdtEF, encoding MdtEF protein, a major drug exporter that 
confers drug tolerance (Kobayashi et al. 2006). E. coli-sugE gene encodes a chaperonin-
related system whose composition might vary with temperature and growth phase. In that 
case, two expression models were proposed for sugE regulation permitting both i) 
constitutive and ii) stress-induced expression dependent on a still undefined sigma factor 
(Dubey and Roy 2003). In the present study, Av27-sugE was constitutively expressed, 
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and its expression was induced by the stress caused by TBT. Thus, it seems that both 
models are occurring simultaneously for Av27-sugE. 
 
5.4.3 A model of Av27-SugE suggests a possible efflux of TBT 
In order to perform TBT efflux and SMR substrates resistance experiments, it was 
tried to generate an A. molluscorum Av27 containing Av27-sugE gene disrupted. To 
obtain such mutant, it was necessary to transform Av27. Several attempts were made, 
involving both transformation and transconjugation methods, however without success. 
Also, other authors faced the same impairment with A. hydrophila strains reporting that, 
probably, these isolates lack a product necessary to replicate or stabilize plasmids, or 
could contain a product that impedes plasmid establishment (Bello-López et al. 2012). 
Nevertheless, it was tried to understand the role of SugE in TBT transport. With that 
purpose, the modelling of Av27-SugE protein (Figure 24) was performed. 
 
 
 
 
Figure 24. Structural model of the Av27-SugE protein. Only the transmembrane (TM) helixes of each 
monomer are shown (TM1, TM2, TM3 and TM4). The predicted binding chamber location is labelled on the 
figure. Position of the C$ carbons of the polar residues are rendered as red spheres and the nonpolar 
residues are rendered as blue spheres. 
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Figure 25. Structural model of the Av27-SugE protein. Location of the conserved and functional residues of 
Av27-SugE (in both monomers) that are specific to the SUG subclass (Bay et al. 2008). The C# of the 
conserved residues of the SUG subclass are rendered as red spheres. Location of the Glu 13 residue is also 
indicated on the figure and rendered as blue spheres. Position of the essential residues for substrate binding 
studied by Son et al. (2003) (39, 43 and 44) are labelled on the figure and rendered as blue spheres. 
Residues labelled with (1) indicate point mutations relative to SugE (Citrobacter freundii) protein described by 
Son et al. (2003), see text for details. 
 
 
The protein structure was based on the cryomicroscopy structure of EmrE from E. coli 
(Ubarretxena-Belandia et al. 2003) and from the latest reanalyzed EmrE X-ray data from 
Chen et al. (2007). Both experimental studies support an antiparallel homodimmer 
quaternary structure forming a channel with transmembrane (TM) helices TM1, TM2 and 
TM3; therefore, our theoretical model has also an antiparallel quaternary structural 
arrangement. Furthermore, only the TM helical structures were modelled due to the lack 
of structural data for the loop regions connecting the TM sections. The superposition of 
the C# #-helix residues of our model with the EmrE cryomicroscopy structure gives an 
average root mean square displacement (RMSD) of 1.4 Å. 
The precise location of the conserved and functional residues of the SUG protein 
subclass (represented by SugE from Citrobacter freundii) is shown on Figure 25. Specific 
conserved SUG residues (position 39, 43 and 44) identified by Bay et al. (2008) are 
located facing the substrate binding chamber and interfacing the different TM helices. 
Av27-SugE protein does not have the same conserved residues isoleucine 43 and alanine 
44 that were found in SugE. In Av27-SugE protein, position 43 is occupied by a valine 
(equivalent nonpolar residue like isoleucine) and position 44 is filled with a leucine, a 
bulkier aromatic residue than alanine. Furthermore, Av27-SugE protein contains the highly 
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conserved glutamate residue (Glu 13, see Figure 25) located in the inner part of the 
binding chamber. 
It has been showed that SMR are involved in drug efflux via an electrochemical proton 
gradient (Grinius and Goldberg 1994; Yerushalmi et al. 1996) being classified as proton-
dependent multidrug efflux systems (Paulsen et al. 1996a). The modelling studies of 
Av27-SugE herein performed allowed predicting the predominance of nonpolar residues 
along the #-helix structure of Av27-SugE protein. This information is in agreement with the 
transmembrane location of Av27-SugE. Also, the nonpolar characteristics of the binding 
chamber support the possible association of the protein to translocation of nonpolar 
solutes as TBT. 
Furthermore, it is also clear that some polar residues (including charged residues) are 
found in the transmembrane sections. The presence of charged residues is also essential 
for the proposed biochemical proton-dependent translocation mechanism of this small 
multidrug resistance protein family (Muth and Schuldiner 2000). Av27-SugE contains also 
aromatic residues Y59 and W62 that are highly conserved in SMR proteins, which have 
been described as being involved in protein-drug interactions (Sikora and Turner 2005). 
Aminoacid sequence alignment of Av27-SugE from A. molluscorum Av27, with other 
SMR proteins deposited in the databases, namely SugE from A. hydrophila 7966 (the 
closest homology, 84%) and SugE from E. coli K12 (ancestor of E. coli HB101, used in 
our cloning experiments) (Figure 26) revealed some nucleotide and amino acids changes. 
 
 
Figure 26. Amino acid sequence alignment of the SugE of A. molluscorum Av27 (Av27), A. hydrophila 7966 
(7966) and E. coli K12 (K12). Grey boxes highlight the same amino acids found in Av27 and 7966, but not in 
K12. Symbols: * , same chemical classification; º , different chemical classification; open box, amino acid at 
position 24 known to play a role in substrate specificity. 
 
An amino acid substitution was found at position 24, which has been reported to be 
related with substrate specificity in SugE and other SMR (Son et al. 2003). This 
substitution may be involved in the substrate selection, namely on the binding of TBT. 
Some common amino acids were found in the SugE of Av27 and A. hydrophila, which 
were different from those found in E. coli. These might also be related to the intrinsic TBT 
resistance of some Aeromonas species and the susceptibility of the E. coli strain used in 
the present study. 
 
sugE is involved in TBT resistance 
 107 
5.4.4 Susceptibility to chemicals by Av27-sugE transformed E. coli 
It has been shown that proteins belonging to the SMR family are involved in the export 
of drugs from bacterial cells, namely cationic drugs that are believed to be translocated via 
a fairly hydrophobic transmembrane pathway (Mordoch et al. 1999). To help elucidate the 
involvement of Av27-sugE gene in TBT resistance and also to evaluate the impact of this 
gene in the susceptibility of E. coli cells against several substrates of SMR, MIC 
experiments were performed. The results shown in Table 17 revealed that the MICs of E. 
coli containing Av27-sugE gene generally increased for all the drugs tested, when 
compared with E. coli HB101/pUC19. 
 
Table 17. Susceptibility of E. coli HB101/Av27-sugE (Av27-sugE) and E. coli HB101/pUC19 (pUC19) to 
different classes of drugs. * A value of p< 0.05 was considered significant. MW: molecular weight; miLogP: 
octanol-water partition coefficient logP. 
    MIC (!g mL-1) 
Type of drug Drug MW miLogP Av27-sugE pUC19 
Ethidium bromide (EtBr) 394.34 0.304 422* 164 
Proflavine (PF) 209.25 1.269 31 23 
Crystal violet (CV) 408.03 3.196 14 6 
Cationic dyes 
Cetylpyridinium chloride (CPC) 340.05 3.027 16 16 
Neutral antimicrobial Chloramphenicol (CP) 323.16 0.731 5* 2 
Other antimicrobial Tetracycline (TE) 444.44 -0.69 3* 1 
Tributyltin (TBT) 325.55 3.458 320* 53 Organotins 
Dibutyltin (DBT) 303.88 2.601 7 5 
 
A significant increase of MIC (p< 0.05) was observed with EtBr (3-fold), CP (2.5-fold), 
TE (4-fold) and TBT (6-fold) (Table 17). These data revealed that Av27-sugE gene 
promoted the increase of resistance in E. coli HB101 to those compounds. EtBr is a 
hydrophobic cationic dye, which can be effluxed by SMR (Jack et al. 2000), and that was 
confirmed in the present study. SMR proteins like SugE, appear to have a broad 
specificity spectrum that include not only the usual set of amphipatic cations, but also TE 
and CP (Jack et al. 2000). Chloramphenicol is a neutral antimicrobial that is fairly 
hydrophilic, suggesting its relatively poor membrane permeability (Lewis 2001). Our 
results also showed that this compound is a substrate for Av27-SugE, possibly promoting 
its efflux across the cytoplasmic membrane. Considering TE, this drug forms a complex 
with divalent metals such as magnesium, which is excreted from the cell by efflux systems 
(Nonaka and Suzuki 2002). The extrusion of TE by efflux is a common resistance 
mechanism. Accordingly, different tetracycline-pump families are known (Nonaka and 
Suzuki 2002). In the present work, the resistance to TE increased due to the presence of 
Av27-sugE gene, suggesting that sugE is possibly responsible for the efflux of the TE-
Sn2+ complex. 
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miLogP is a physicochemical factor of hydrophobicity and bioavailability of chemicals 
(Lipinski et al. 2001). On Table 17 are also presented the miLogP values and the 
molecular size for each tested compound. All of the compounds showed similar molecular 
size (ca. 200-400), nonetheless the miLogP values allowed to separate them into two 
groups. One group includes compounds with high MIC (EtBr, CP, TE) and with lower 
miLogP values whereas the other group includes drugs with higher miLogP values and 
low MIC. Exception was observed for TBT. Since TBT is a lipophilic and amphipathic 
compound with higher miLogP value, it was expected that its action on bacteria would be 
similar to that of proflavine, crystal violet, cetylpyridinium chloride and dibutyltin. However, 
Av27-sugE gene increased the MIC value when TBT is present. Thus, TBT might be an 
efflux substrate for Av27-SugE, and therefore the exclusion of the compound from the cell 
will contribute for the TBT resistance observed in this strain. 
 
 
5.5 Concluding remarks 
From the available literature a number of mechanisms contributing to TBT resistance 
have been described and seem to be present within the same strain and also among 
different strains and species (Dubey et al. 2006; Hernould et al. 2008; Kawai et al. 1998). 
Some of the mechanisms might be activated at different phases of the bacterial growth 
and/or when cells are exposed to different TBT concentrations. Likewise, in A. hydrophila 
it was suggested that in addition to the AheABC system, other RND-type efflux pumps 
contribute to the intrinsic drug resistance observed on this specie (Hernould et al. 2008). 
Altogether, our data support the involvement of Av27-sugE gene in the resistance of 
A. molluscorum Av27 to TBT. The relative expression of Av27-sugE gene is increased at 
the early growth phase when a high concentration of TBT is present. Additionally, Av27-
sugE increased the resistance of E. coli HB101 to EtBr, CP, TE and also to TBT. Finally, 
the identified aa substitution at position 24 of Av27-SugE and the data obtained by 
modelling supported that TBT should be a substrate for Av27-SugE protein. 
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bioreporter for tributyltin (TBT) 
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6.1 Abstract 
A whole-cell recombinant bioreporter for the detection of tributyltin (TBT) was 
successfully constructed. The sensor Av27/lucFF (1) contains lucFF as the reporter 
element which is under the control of the putative promoter of sugE gene from Aeromonas 
molluscorum Av27. Different D-luciferin concentrations, growth phases of the bacterial 
cells and time of induction by TBT were tested. Results showed that the bioreporter was 
inducible with TBT and the detection limits varied from 1 to 1000 nM, which are 
environmental relevant TBT concentrations. The best conditions of induction occurred with 
0.25 mM of D-luciferin and a short period (up to 3 h) of cells incubation. Yet, further 
studies are required to test and improve the performance of the bioreporter as for 
instance, growth medium, growth phase of cells and growth parameters. Similarly, the 
specificity of the bioreporter will also be tested. 
 
 
6.2 Introduction 
Organotin compounds (OTs), particularly tributyltin (TBT), have been widely used 
since de mid 1960’s as biocides in antifouling paints, being considered as one of the most 
toxic xenobiotics ever produced and deliberately introduced into the environment 
(Goldberg 1986). Furthermore, its use in industrial processes as preservative of wood, 
cotton, textiles, paper, leather and paints (White et al. 1999), contributed for the increased 
presence of OTs in the environment (Antizar-Ladislao 2008). As a consequence, the 
European Union (EU) introduced the Directive 2002/62/EC that banned the application of 
organotin antifouling paints on EU boats after 1 January 2003 and prohibited its usage in 
any boats after 2008 (CD 2002; IMO 2001). Currently, the main concern is to evaluate the 
effectiveness of the legislation in course and monitor TBT in the environment. 
Many current analytical methods used for monitoring pollutants allow highly accurate 
and sensitive determinations of sample composition. However, the array of analytical 
procedures necessary is often costly, time-consuming, highly complex and requires 
trained personnel. Furthermore, such analysis fail to provide information on the degree of 
bioavailability – the biologically relevant fraction that influences the cell and is capable of 
passing through cellular membranes (Hynninen and Virta 2009) - and/or the toxicity of the 
sample components (Magrisso et al. 2008). The inherent difficulties and the above 
mentioned limitation of classical analytical methods aroused the interest in the 
implementation of alternative methods, including the development of novel bacterial 
bioreporters. 
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Whole-cell bioreporters consist of living microorganisms that produce a specific 
quantifiable signal in response to target chemicals (Hynninen and Virta 2009). Typically, 
specific whole-cell bioreporters combine a sensor element for the substance of interest 
and a reporter gene that encodes an easily detectable protein (Hynninen and Virta 2009). 
Cell-based systems offer the possibility of identifying and quantifying specific 
pollutants present in complex mixtures without pre-treatment of the environmental sample 
(Keane et al. 2002). In addition, information on bioavailability might be highly valuable for 
risk assessment and for the selection of suitable remediation options (Leedjarv et al. 
2006). 
The use of bacteria for environmental monitoring offers several advantages over 
higher organisms: it includes large and homogenous populations, short generation times, 
facility of maintenance and storage, low costs, and are rapidly manipulated to respond in a 
dose-dependent manner to specific chemicals or classes of chemicals, thus providing a 
true measure of bioavailability (Magrisso et al. 2008). Furthermore, if a bioreporter makes 
use of a complex reaction schemes then it may be more convenient to use 
microorganisms, already optimized by nature, to develop reporter systems. 
Only a few reports have been published describing the use of bacteria for TBT 
detection. Most of the bioreporters described use E. coli as host to the development of the 
system (Briscoe et al. 1996; Cha and Kim 2002; Durand et al. 2003). However, those 
systems had some limitations such as lack of specificity for TBT and a high detection limit. 
Also, the use of environmental strains as bioreporters constitute a great advantage, since 
it has been known that organisms evolve special strategies during the transition from 
pristine to polluted environments. Those strategies may involve development of resistance 
mechanisms or the organisms might be able to remove some of these contaminants 
(Brown et al. 1991). 
In the present work, it was developed a luminescent whole-cell bacterial bioreporter 
for TBT detection using the TBT resistant strain, Aeromonas molluscorum Av27 that was 
previously isolated from a TBT contaminated estuarine environment, Ria de Aveiro, 
Portugal (Cruz et al. 2007). In this bacterium a gene involved in TBT resistance, Av27-
sugE, was identified and characterized. This gene is over-expressed in cells growing in 
the presence of TBT (see chapter V). Thus, the reporter element firefly luciferase gene 
(Photinus pyralis lucFF) (De Wet et al. 1985) was located in front of the Av27-sugE 
putative promoter, which was used as sensor element. 
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6.3 Material and Methods 
6.3.1 Bacterial strains and construction of plasmids 
Bacterial strains and plasmids used in the study are listed in Table 18. 
Plasmids were constructed using standard recombinant DNA techniques and 
introduced into Escherichia coli by electroporation (Sambrook et al. 1989). The 
preparation of electrocompetent cells and the transformation of A. molluscorum Av27 was 
carried out with an adaptation of the procedure described by Choi et al. (2006). 
 
Table 18. Bacterial strains and plasmids. 
Strain or plasmid Characteristics Reference 
Escherichia coli MC1061 araD139 )(ara, leu) 7697)lacX74 galK hsdR2 
strA mcrA mcrB1 
(Casadaban and Cohen 1980) 
Aeromonas molluscorum Av27 TBTr, isolated from sediment of an estuarine 
system, Ria de Aveiro, Portugal 
(Cruz et al. 2007) 
pUC19 Apr, cloning vector Amersham Pharmacia Biotech, 
USA 
pEXcadA2FRTkan Tcr Kmr, fragment of cadA2 gene interrupted by 
FRT-kan-FRT in pEX18Tc 
(Leskinen et al. 2008) 
pSLluc Apr, lucFF in pSL1190 (Ivask et al. 2002) 
pUCBamHIsugEpromoter Apr; pUC19 containing a 608 bp fragment of 
Av27-sugE gene and its promoter 
This study 
pUCBamHIsugEFRTkanXhoI Apr, Kmr; pUCBamHIsugEpromoter containing 
FRT-kan-FRT (1529 bp) of pEXcadA2FRTkan 
This study 
pUCBamHIsugEFRTkanlucFF Apr, Kmr; pUCBamHIsugEFRTkanXhoI containing 
lucFF (1841 bp) of pSLluc 
This study 
 
For DNA separation and purification, mini-prep, PCR purification and gel purification 
Qiagen kits (Qiagen, Germany) were used. Enzymes used for DNA manipulations were 
obtained from Fermentas (Lithuania) and New England Biolabs (USA). PCRs were carried 
out using Phusion DNA polymerase (Finnzymes, Finland). Sequences of the primers used 
for amplification are listed in Table 19. 
 
Table 19. Sequences of primers used for PCR amplification. 
Primer Sequence (5’-3’)a 
PsugE Fw CTCTGGATCCGTGCCTCCTGACGCCTAAGC 
sugE Rv GCATGGATCCGCTTTGAGACCCAGGATGCC 
FRTneoNgoMIXhoI Fw ATGAGCCGGCCTCGAGCGCAGTATGCGGATTGTCACC 
FRTneoNgoMI Rv ATGAGCCGGCGCGAATTGGGGATCTTGAAG 
lucFFXhoI Fw AATACTCGAGACCTCTAGAACTATAGCTAG 
lucFFXhoI Rv AATTCTCGAGGGTGGTATATCCAGTGATTT 
                a Underlining indicates restriction sites. 
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E. coli MC1061 was used for construction and maintenance of plasmids. First, an 
intermediate plasmid pUCBamHIsugEpromoter was constructed. For that, a fragment 
containing the putative promoter of Av27-sugE gene and Av27-sugE gene were PCR 
amplified from an Av27 DNA suspension and ligated to the BamHI sites in pUC19. Then, 
the pUCBamHIsugEFRTkanXhoI was constructed by inserting FRTkan PCR-amplified 
fragment using pEXcadA2FRTkan as template and ligated to the NgoMI sites in the 
plasmid pUCBamHIsugEpromoter. 
Next, the promoterless luc plasmid (De Wet et al. 1985), 
pUCBamHIsugEFRTkanlucFF, was constructed and was PCR-amplified using pSLluc as 
template followed by ligation to the XhoI sites in plasmid pUCBamHsugEFRTkanXhoI. 
This resulted in a high-copy-number sensor plasmid pUCBamHIsugEFRTkanlucFF (Figure 
27). 
All the constructed plasmids were electroporated into E. coli MC1061. The resulting 
plasmids were verified for correct construction using the appropriate restriction enzymes. 
The essential parts of the constructs were confirmed by DNA sequencing. The 
constructed plasmid pUCBamHIsugEFRTkanlucFF was transformed into A. molluscorum 
Av27 and three clones were obtained: Av27/lucFF (1)/(2)/(3). The resulting recombinant 
strains were further used for measurements. 
 
 
 
Figure 27. Plasmid pUCBamHIsugEFRTkanlucFF used in TBT-inducible sensor strains Av27/lucFF (1)/ (2)/ (3). ORI, origin 
of DNA replication; P(LAC), lac promoter; PsugE?, putative promoter of Av27-sugE gene; lucFF, gene encoding firefly 
luciferase; FRT, flippase recognition target; kan, gene encoding kanamycin resistance; P(BLA), beta-lactamase promoter; 
Apr, gene encoding ampicillin resistance. 
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6.3.2 Growth conditions 
A. molluscorum Av27 was maintained in Tryptic Soy Agar (TSA) plates (Merck, 
Germany) at 4ºC. Growth in liquid culture of Av27 and E. coli MC1061 occurred in Tryptic 
Soy Broth, TSB (Merck, Germany) at 30ºC and in LB-Bouillon Miller broth, LB (Merck, 
Germany) at 37ºC, respectively, and at 250 rpm. Whenever necessary, the following 
selective agents were added to the growth media at the appropriate final concentrations 
(µg mL-1): ampicillin at 150 and kanamycin at 50. For induction measurements LB medium 
was used. 
 
6.3.3 Optimization of D-luciferin concentration 
The optimal final concentration of D-luciferin to use in the induction assay was tested. 
One hundred microliters of an overnight culture of the bioreporters Av27/lucFF (1)/(2)/(3) 
were mixed with 100 "L of D-luciferin (Biothera, Sweden) (stock solutions prepared in 
0.1 M sodium citrate buffer, pH 5.0 (Wood and DeLuca 1987)) at a final concentration of 
0.25, 0.5 and 1 mM. The best D-luciferin concentration was defined and used in 
subsequent experiments. 
 
6.3.4 Induction assay 
Inducibility of the constructed strains was tested with different TBT concentrations (1, 
10, 100 and 1000 nM). A stock solution of TBTCl (97%) (Fluka, Switzerland) (0.1 M) was 
prepared in absolute ethanol (Merck, Germany). The subsequent dilutions of TBT were 
performed in sterilized distilled water to avoid toxic effects of absolute ethanol for bacterial 
cells. 
Prior to analysis the bacteria were grown overnight (OD600 nm~ 1) in LB medium and 
kanamycin. After that, cells were inoculated in fresh LB medium containing antibiotic for 1, 
2, 3, 4 h at 30ºC to test different incubation times without TBT induction. 
Different induction times (i.e., contact time of the reporter bacteria with the inducer, 
TBT) (1-6 h) by TBT were also tested. For that, 50 "L of culture cells, 50 "L of TBT 
dilutions and 100 "L of 0.5 mM D-luciferin (final concentration of 0.25 mM) were pipetted 
onto white 96-well Corning Costar (Sigma-Aldrich, Germany). For determining the 
bacterial background luminescence (not induced by TBT) distilled water was used instead 
of sample. The equal volume (50 "L) of the bacterial suspension was added to the wells. 
The plates were incubated at 30ºC. In every assay samples were analysed in duplicate 
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and at least 3 independent assays were performed. The luminescence was measured 
with a Synergy 2 luminometer (Biotek, USA). 
 
6.3.5 Induction coefficients calculation 
Induction coefficients (IC) were calculated using the formula IC= LTBT/LB, where LTBT is 
the luminescence value of cells induced by TBT and LB is the background luminescence 
of cells without inducer. The detection limit for the sensor was defined as a concentration 
of the compound which induced the sensor once above the background level, i.e. IC> 1. 
 
 
6.4 Results and Discussion 
6.4.1 Selection of the reporter gene 
Despite the many advantages of each type of sensor, no single sensor or sensing 
platform is likely to address all the possible applications. Instead, the optimal sensor often 
depends on the experimental considerations, including ease of use, sensitivity, kinetics, 
signal location and quantification (Palmer et al. 2011). 
Luminescence signals are weaker than the corresponding fluorescence signals, 
necessitating of sensitive signal detection. However, luminescence avoids the high 
background of cellular autofluorescence, and hence has a better overall signal-to-noise 
ratio. Thus luminescence-based sensors might be more appropriate for high-throughput 
screening and in vivo analysis (Palmer et al. 2011). 
In the present work the first approach to get the bioreporter was to use two different 
luminescent reporter genes (luxCDABE and lucFF) due its different characteristics. 
The genes of bacterial luciferase operon (luxCDABE) possess the luxAB genes, 
encoding for luciferase, and the luxCDE genes encoding enzymes responsible for the 
synthesis of the substrate. Therefore, no substrate addition is needed before 
measurement constituting a great advantage of this system (Hakkila et al. 2002). Still, the 
firefly luciferase gene (lucFF) from Photinus pyralis is also commonly used, but in this 
case, the addition of D-luciferin as substrate is required prior the measurement (De Wet et 
al. 1985). 
Herein two different plasmids were constructed using luxCDABE operon and lucFF 
gene, under the putative Av27-sugE promoter regulation and transformed in E. coli 
MC1061 (data not shown for luxCDABE operon). However, only the transformation of the 
lucFF gene was possible in Av27 strain, possibly due to the big size of the plasmid 
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containing the luxCDABE operon (~16.8 kbp) or the characteristics of the bacteria. For 
that reason, the studies continued using the recombinant bacteria containing the lucFF 
gene. 
 
6.4.2 Optimal D-luciferin concentration 
Three clones of the recombinant strain were obtained: Av27/lucFF (1)/(2)/(3). With 
these three bioreporters an optimal D-luciferin concentration was determined. In Figure 28 
it can be observed, that 0.25 and 0.5 mM of D-luciferin concentration induced all the 
bioreporters unlike at 1 mM concentration at which no induction was detected. Moreover, 
at 0.25 mM D-luciferin concentration, induction occurred immediately after its addition, 
thus that was the concentration used in subsequent studies. The same concentration has 
been used by other researchers (Hakkila et al. 2002; Ivask et al. 2002). 
The recombinant strain Av27/lucFF (1) responded with higher luminescence values 
when induced with D-luciferin (Figure 28, (1)). The same occurred after induction with TBT 
(data not shown). Therefore, this bioreporter was chosen for the following tests that were 
performed. 
 
 
Figure 28. Values of luminescence after induction with D-luciferin for 0, 10 and 30 min. (1), (2), (3): 
bioreporter Av27/lucFF (1)/(2)/(3), respectively. (!): 0.25 mM; ("): 0.5 mM; (%): 1 mM of D-luciferin 
concentration. 
 
 
6.4.3 Optimal growth phase of bacterial cells 
The inducibility of the bioreporters to metals has been known to be dependent on the 
growth phase of the bacteria (Hynninen et al. 2010; Leedjarv et al. 2008). 
Herein, the TBT induction of the bioreporter was performed at 1, 2, 3 and 4 h of 
growth. For each of these conditions, luminescence measurements were taken for 6 
hours. For all the growth phases considered, the best induction coefficients were obtained 
after 3 h of TBT exposure. Therefore, only this exposure time was considered for analysis. 
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As can be observed on Figure 29, the induction coefficients varied with TBT induction 
times. In general, later TBT induction resulted in lower induction coefficients. In chapter V 
was shown that Av27-sugE over-expression, in the presence of TBT, occurred only at the 
early growth phase of the cells. In the constructed bioreporter, lucFF gene is under the 
regulation of the putative promoter of this gene. Accordingly, the best induction 
coefficients of the bioreporter would be expectable at its early growth phase. In fact, this 
was confirmed since the highest induction coefficients were observed after 1 h (Figure 
29). The same results were also reported by other authors as, for instance, Hynninen and 
co-workers (2010) that observed that the lowest metal (Cd/Zn and Pb) concentrations 
were detected by bacterial cells at an early exponential phase. 
 
 
Figure 29. Results of induction coefficients obtained for the several TBT induction times tested. These 
measurements were taken after 3 h of TBT exposition (100 and 1000 nM). 
 
 
6.4.4 Sensitivity of the bioreporter 
Different concentrations (1, 10, 100 and 1000 nM) of the inducer compound (TBT) 
were tested to determine the sensitivity (limit of detection) of the bioreporter Av27/lucFF 
(1). It was found that the bioreporter was induced by all the TBT concentrations tested 
(Figure 30). Moreover, the detection limit ranged from 1 to 1000 nM of TBT. These 
concentrations are environmentally relevant since the TBT concentrations generally found 
in the environment are up to ~50 "M in sediment and up to ~4 nM in seawater (Antizar-
Ladislao 2008). Also, it was observed that the induction coefficient decreases in lower 
TBT concentrations, which is in accordance with the values reported for other metals such 
as cadmium, lead and zinc (Hynninen et al. 2010) or mercury and arsenite (Hakkila et al. 
2002). 
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Figure 30. Response (induction coefficient, IC) of bioreporter Av27/lucFF (1) after 1-6 h of induction with 
different concentrations of TBT (1, 10, 100 and 1000 nM). 
 
 
Another important aspect to consider is the time of induction with TBT required to 
obtain the maximum induction coefficient (IC) (see Table 20 and Figure 31). For lower 
TBT concentrations (1, 10, 100 nM) the maximum IC took longer to be recorded than for 
the higher TBT concentration (1000 nM). This situation is quite common, requiring that the 
bioreporter utilization should be adjusted for the type of sample that is being analysed, i. 
e., depending on the level of contamination of the sample more or less time is needed in 
the presence of the inducer (TBT). Horry and co-workers (2007) assumed that “if TBT 
concentration is suspected to be low, it will take longer before the signal is strong enough 
to be recorded. Conversely, if pollutant concentration is strong, it is unnecessary to have a 
sensitive system and the overall detection time will fall. Slow means high sensitive 
biosensor vs. Fast meaning low sensitive biosensor”. 
 
 
Table 20. Maximum induction coefficient and better time of induction for each TBT concentration tested using 
bioreporter Av27/lucFF (1). 
TBT concentration (nM) Maximum induction coefficient Better time of induction with TBT (h) 
1 1.6 4 
10 1.9 6 
100 4.0 6 
1000 5.8 3 
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Figure 31. Inducibility of bioreporter Av27/lucFF (1) with TBT after 1-6 h of induction. 
 
 
6.5 Final remarks 
Some of the major attributes of a good bioreporter system are its specificity, 
sensitivity, reliability, portability (in most cases), ability to function even in optically opaque 
solutions, real-time analysis and simplicity of operation (D’Souza 2001). Microbial 
bioreporters based on light emission from luminescent bacteria are being applied as 
sensitive, rapid and non-invasive assay in several biological systems (D’Souza 2001). 
It is difficult to compare bioreporters tested in different laboratories, where different 
methodologies might be used. However, some comparisons can be performed between 
the TBT bioreporters developed by other research groups (see Table 8 of chapter I) and 
Av27/lucFF (1). Almost all of those bioreporters used luxAB operon, being the induction 
with D-luciferin needed, as in Av27/lucFF (1). Furthermore, the lowest value of the 
detection limit was 1 nM of TBT and was obtained with E. coli TBT3 bioreporter (Durand 
et al. 2003). Herein, the same detection limit was identified with Av27/lucFF (1). The 
response time of the other bioreporters ranged from 1 to 10 hours, depending on TBT 
concentration. In case of Av27/lucFF (1), a good signal was detected after 3 hours of TBT 
exposure. Concluding, it was shown that Av27/lucFF (1) bioreporter brings together all 
characteristics for a good bioreporter: sensitivity (detection limit range from 1-1000 nM), 
fastness (3 h is enough to detect a good signal) and possibly non-invasive (it was 
constructed in an environmental bacterium). 
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Further experiments should be performed in order to improve the performance of 
Av27/lucFF (1). For instance, the specificity (ability to detect compounds) was not tested 
yet. It is known that one of the limitations in using whole cells is the low specificity 
obtained when compared to bioreporters containing pure enzymes (D’Souza 2001). In this 
context it would be important to test the bioreporter specificity against heavy metals and 
other substrates of SMR proteins (see chapter V). Moreover, some strategies can be 
adopted to improve the bioreporter specificity and/or sensitivity, such as: i) 
enhancing/facilitating the import of contaminant into the cell, ii) hindering the export of 
detectable ions from the cell, and iii) modifying the sensing element, once the main 
components of a bioreporter that influence sensitivity and specificity are the sensor 
element and the bacterial metal homeostasis system (Hynninen and Virta 2009). Also, the 
growth and test conditions should be optimised to achieve satisfactory detection limit 
within a minimal time. Another important aspect is the chemical nature of the test medium 
since it contributes to the bioavailability of the compound to be detected. In this study, the 
rich LB medium was used. Thus, other different culture media should be tested during the 
optimization assay. It has been reported that, whenever possible, rich media should be 
avoided, and bioavailability tests should be carried out under conditions in which the 
levels of possible metal-binding ligands have been minimized (Hynninen and Virta 2009). 
One such example is the detection of copper and zinc by luminescent reporter bacteria 
that proved to be more sensitive in a medium containing ß-glycerophosphate than in LB 
medium (Riether et al. 2001). Additionally, pH of the test environment may alter the 
performance of the bioreporter, as the metal speciation is greatly affected by pH, altering 
the apparent bioavailability of metals (Hynninen and Virta 2009). For example, in 
applications requiring a luciferin substrate, the pH must be lowered to slightly acidic 
conditions that favour the transfer of luciferin across cell membranes (Virta et al. 1995; 
Wood and DeLuca 1987). One last aspect that should be observed is the temperature of 
test since it may also influence the response of the bioreporter. Usually, the optimal 
growth temperature of the host cell is used for testing, as it is normally optimal for 
inducibility (Hynninen and Virta 2009), but some exceptions can occur. Thus, Av27/lucFF 
(1) improvement should consider the temperature of bacterial cells growth. 
Dozens of bioreporters have been constructed. However, few of them are suitable for 
testing environmental samples. Thus, considering that the detection limit range of 
Av27/lucFF (1) is the same as that of the concentrations existing in the environment, 
further studies include tests with water and sediment samples collected in the 
environment. 
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Summarizing, the bioreporter herein constructed combines important characteristics 
for TBT detection (sensitivity, quickness, environmentally friendly). Still, it will benefit from 
further improvements, taking in account relevant aspects such as: bacterial growth phase, 
growth medium, TBT induction times and growth parameters (namely, temperature and 
pH). 
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7.1 Abstract 
Tributyltin (TBT) is an effective biocide that has been used as the active ingredient in 
antifouling paints, being highly toxic for most organisms. Nonetheless, some 
microorganisms are resistant to TBT and are able to degrade it into less toxic compounds 
and can therefore be used as natural remediators, helping reducing the contamination 
levels of this compound. 
Herein, a microcosm experiment was designed to investigate the ability of A. 
molluscorum Av27 to bioremediate TBT alone and in association with the indigenous 
bacterial community. Simultaneously, the composition of the bacterial community of a 
moderately TBT-polluted sediment from where Av27 strain was isolated was studied. The 
experiment occurred over a period of 150 days; subsamples were withdrawn at the 
beginning (time 0), after 30, 90 and 150 days, to follow the evolution of the bacterial 
community and also to evaluate TBT degradation along time. 
Alterations in the community were immediately reflected on the total bacterial number 
(TBN) and bacterial biomass production (BBP). In general, in non-autoclaved samples 
TBN decreased along time. In autoclaved samples the values of TBN are, globally, similar 
in the beginning and at the end of the experiment. In general, non-autoclaved samples 
showed higher biomass productivity at the beginning of the experiment, in contrast to the 
autoclaved samples, where higher biomass productivity was registered at the end of the 
experiment. 16S rDNA DGGE analysis did not reveal major alterations on the composition 
of the bacterial community over time. Analysis of the 16S rDNA libraries revealed that the 
most represented phyla were Proteobacteria and Bacteroidetes. Almost 100% of clones 
were affiliated with unculturable-bacteria and an average of 13% were affiliated with 
unclassified-bacteria. Furthermore, some changes on the predominance of some 
subdivisions of Proteobacteria were also observed. For instance in the beginning, the 
predominant members distributed among Gamma> Delta> Alphaproteobacteria, and at 
the end of the experiment the distribution pattern was Delta> Gamma> 
Alphaproteobacteria and Epsilonproteobacteria. These results suggested that TBT 
degradation probably occurred, along time. At the date of completion of this work the TBT 
chemical analyses were not available and, therefore, no conclusion could be drawn 
regarding TBT degradation under the experimental conditions tested. 
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7.2 Introduction 
Tributyltin (TBT) has been described as the most toxic substance ever deliberately 
introduced into the marine environment by Man (Evans et al. 2000; Fent 1996; Goldberg 
1986). It has been applied in the preservation of wood, textiles and paper to prevent 
degradation of the materials (Bennett 1996). Additionally, TBT has been widely used as 
the active ingredient in antifouling paints used in boats and ship hulls to avoid 
bioincrustation, constituting an important contaminant in aquatic environments (De Mora 
1996; Yebra et al. 2004). 
The high toxicity of TBT has resulted in numerous and widespread adverse biological 
effects to a wide range of organisms, from bacteria to mammals and from the molecular to 
the community level (Galante-Oliveira 2010). 
The International Maritime Organization (IMO) called for a global treaty that bans the 
application of TBT-based paints starting 1 January 2003, and total prohibition by 1 
January 2008 (CD 2002; IMO 2001). Present and future restrictions will not show 
immediate removal of TBT and its degradation products from the marine environment, 
since these compounds are highly persistent. Under aerobic conditions, TBT takes one to 
three months to be degraded but it will persist longer under anoxic conditions. 
Accordingly, whereas the half-life of TBT in water is about three months it can range from 
6 to 8.7 years in the anoxic conditions of sediments (Sternberg et al. 2010). 
Microbial systems and bioremediation programs are becoming the method of choice 
over more traditional methods, such as land filling, incineration, excavation, etc., for the 
treatment of contaminated soils/sediments and waters (Alexander 1999). 
Microorganisms are intimately involved in biogeochemical cycles of xenobiotics, being 
used for bioremediation where the metabolic potential of microorganisms to clean up 
contaminated environments is used (Gadd 2010). 
The use of native microbiota for bioremediation of contaminated sediments is of great 
interest as it would be expected that these microorganisms will be more adapted to the 
particular sediment environment than non-indigenous commercial microbiota (Silva et al. 
2009). 
Aeromonas molluscorum Av27 was collected from a moderate TBT contaminated 
estuarine sediment in Ria de Aveiro, being highly resistant to TBT (up to 3 mM) (Cruz et 
al. 2007). Moreover, it was found that Av27 strain degrades TBT in Marine broth medium 
under laboratory conditions (Cruz et al. 2007). Therefore, the use of A. molluscorum Av27 
to enhance TBT degradation of polluted sediments can be considered and was 
investigated in the present work. 
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The main goal of the present work was to investigate the ability of Aeromonas 
molluscorum Av27 to bioremediate TBT, alone and in association with the indigenous 
bacterial community. Additionally, the composition of the bacterial community of the site 
from where the bacterium was isolated was also investigated to provide information about 
the role of the indigenous organisms in this remediation process. 
The experiments were carried out in a microcosm environment where different 
conditions were tested, including different Av27 inocullum concentration. Parameters such 
as growth, metabolic activity and bacterial community structure were monitored for all the 
defined conditions. The analysis of these parameters revealed changes on the bacterial 
community composition, over time, at this moderately TBT contaminated sediment (Porto 
de Pesca Longínqua (PPL) site, Ria de Aveiro). Furthermore, organotin analyses of the 
samples withdrawn from the microcosm experiment sediments were also foreseen and 
will help on the evaluation of TBT remediation by Av27 strain. 
 
 
7.3 Materials and Methods 
7.3.1 Sample collection and microcosm preparation 
Ria de Aveiro is a shallow estuarine system, near Aveiro (40º38’N, 8º41’W), in the 
northwest coast of Portugal. Sediment from the surface layer (up 3 cm) was collected 
during the low tide in November 2010 in Porto de Pesca Longínqua (PPL), Ria de Aveiro. 
Sediment was transported to the laboratory at 4ºC. Aliquots from the original sediment 
were kept at 4ºC for total bacterial number (TBN) and productivity determinations and at   
-80ºC for molecular analysis. 
Sediment physical parameters (temperature, conductivity, pH and salinity) were 
determined in situ and in the laboratory. The granulometry of the original and sieved 
sediment (see details below) was achieved using an adaption of the method described by 
Quintino et al. (1989). 
To ensure a homogenous sample, the sediment was wet sieved to 125 "m using 
sterile water collected from the same sampling site and left to stand overnight at 4ºC. After 
24 h, the excess of water was removed. 
Before placing the sediment, microcosm 1 L glass flasks were washed with detergent, 
HCl 10% and distilled water, and autoclaved at 121ºC for 15 min. 
Eight different microcosm conditions were prepared in triplicate (Table 21) each of 
them containing 200 g of sieved sediment. In conditions V to VIII, sediment was 
autoclaved for 40 min at 121ºC, two times. An inoculum of A. molluscorum Av27 strain 
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was prepared in Marine Broth (Difco, USA), containing 88 ng Sn g-1 of TBT, as tributyltin 
chloride (TBTCl, 97% - Fluka, Switzerland) at 26ºC, 250 rpm, overnight. The TBT 
concentration used was chosen based on values of TBT concentration registered at the 
collection site, in 1998 (Barroso et al. 2000). 
 
Table 21. Different conditions defined for sediment of the microcosm experiment. The total biomass of the 
bacterial community was estimated from the bacterial biomass production (BBP) of the sieved sediment in the 
beginning of the experiment. 
Condition Sieved sediment Av27’s inocula in relation to the total biomass Sample number 
I Sediment 0 1, 2, 3 
II Sediment 1/5 4, 5, 6 
III Sediment 1/10 7, 8, 9 
IV Sediment 1/100 10, 11, 12 
V Autoclaved sediment 1/5 13, 14, 15 
VI Autoclaved sediment 1/10 16, 17, 18 
VII Autoclaved sediment 1/100 19, 20, 21 
VIII Autoclaved sediment 0 22, 23, 24 
 
 
The microcosm flasks were incubated at room temperature for 150 d with a 
photoperiod (about 12 h per day). Everyday the flasks were shaken to simulate the tide in 
the natural environment. Samples were withdrawn, under aseptic conditions, at 0, 30, 90 
and 150 d for analysis of the different desired parameters: total bacterial number (TBN), 
bacterial biomass production (BBP), bacterial community changes by denaturing gradient 
gel electrophoresis (DGGE) analysis and organotin chemical analysis. Before removing 
the samples, the sediment was well homogenized. 
 
 
7.3.2 Evaluation of growth and metabolic activity 
7.3.2.1 Total bacterial number (TBN) 
One gram of sediment sample was mixed with 9 mL of filter sterilized seawater 17‰, 
containing 2% formaldehyde; 5 µL of this solution were added to 50 µL of acridine orange 
at 0.1% and left to stand for 3 min. The sample was filtered through 0.22 µm black 
polycarbonate membranes (Poretics, Livermore, CA, USA) washed with filtered sterilized 
water (3 times) and the filter was mounted in a microscope slide and observed by 
epifluorescence microscope (Leica DMLS), using a blue filter (Hobbie et al, 1977). At least 
200 cells or 20 microscope fields were counted in each of the 3 replicates. 
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7.3.2.2 Bacterial biomass production (BBP) 
BBP was determined by the 3H-leucine incorporation method described by Smith and 
Azam (1992). For each strain x sampling time combination, three aliquots (1.5 mL) of the 
bacterial sample were placed into microtubes and incubated for 1 h at 26ºC, with 3H-
leucine (Amersham, specific activity 63.0 Ci nmoL-1) at a saturation concentration of 
483 nmol L-1. A trichloroacetic acid (TCA)-killed control was included. After centrifugation, 
the supernatant was removed and the pellet washed, with TCA (20%) followed by ethanol 
(80%). Ethanol was removed and the tubes were kept open during the night to air-dry the 
samples. After 48 h, radioactivity was measured in a liquid scintillation counter (Beckman 
LS 6000 IC) with scintillation cocktail UniverSol (ICN Biomedics). BBP was calculated 
from the 3H-leucine incorporation rate into the insoluble fraction using a ratio of cellular 
carbon to protein of 0.86 and a fraction of leucine in protein of 0.073 (Smith and Azam 
1992). 
 
 
7.3.3 Molecular analysis 
7.3.3.1 DNA extraction 
Total DNA was extracted from 0.5 g of each sediment sample using the Ultraclean 
Soil DNA isolation kit (MoBio, USA). Extracted DNA was used in denaturing gradient gel 
electrophoreses (DGGE) and to construct 16S rDNA gene libraries. 
 
 
7.3.3.2 Denaturing gradient gel electrophoreses (DGGE) analysis 
DGGE was performed to analyse the following samples, I, II, IV, V, VII and VIII (Table 
21), at different times (0, 30 and 150 d). 
The V3 region of bacterial 16S rDNA gene was amplified using the primers 338f (5’-
GACTCCTACGGGAGGCAGCAG-3’) and 518r (5’- ATTACCGCGGCTGCTGG-3’). A GC 
clamp was attached to the forward primer (Muyzer et al. 1993). PCR was performed in 
50 "L reaction mixtures containing 1x colourless GoTaq reaction buffer, 3 mM MgCl2, 5% 
dimethylsulfoxide, 200 "M each nucleotide (Fermentas, Lithuania), 0.3 pmol of each 
primer, 1 U of GoTaq polymerase (Promega, USA), and 50-100 ng of total DNA. 
Amplification was performed in a Bio-Rad iCycler (Bio-Rad Laboratories, USA) as follows: 
initial denaturation (95ºC for 5 min); 30 cycles of denaturation (95ºC for 30 s), annealing 
(55ºC for 30 s), extension (72ºC for 30 s) followed by a final extension at 72ºC for 30 min. 
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DGGE was performed on a D-CodeTM Universal Mutation Detection System (Bio-Rad, 
USA). Samples containing approximately equal amounts of PCR amplicons were loaded 
onto 8% (w/v) polyacrylamide gels (acrylamide:bisacrylamide, 37:5:1) with a denaturing 
gradient from 37% to 65% (100% denaturant is 7 M electrophoresis-grade urea (Sigma-
Aldrich, Germany), 40% v/v formamide (Sigma-Aldrich, Germany)). Electrophoresis was 
performed at 60ºC in 1x TAE buffer; at 20 V cm-1 for the first 15 min and then at 75 V cm-1 
for 16 h. The gels were stained for 5 min with ethidium bromide (0.5 mg L-1) and then 
rinsed in distilled water for 20 min. The image was acquired using a Molecular Imager Gel 
DocTM XR+ apparatus (Bio-Rad, USA). The DGGE banding patterns were analysed with 
GelCompar II version 6.1 software (Applied Maths, USA). A dendrogram was constructed 
using the unweighted pair-group method with arithmetic averages (UPGMA) algorithm. A 
similarity coefficient of <0.70 indicates that the samples were significantly different (Roling 
et al. 2001). 
 
 
7.3.3.3 Identification of DGGE bands 
To confirm the presence of A. molluscorum Av27 in the community, some bands of 
interest were aseptically excised from DGGE and reamplified with the original primer set. 
The corresponding PCR products were cloned with the TA cloning kit (Invitrogen, USA) 
according to the manufacturer’s instructions. About 50 clones were randomly selected and 
checked by PCR-DGGE. The position of the bands on the gel was checked again on 
DGGE where the original samples were also included. Whenever necessary, this 
procedure was repeated. The clones occupying a correct position were sequenced, using 
vector-specific primers T7f (5’-AATACGACTCACTATAGG-3’) and M13r (5’-
CAGGAAACAGCTATGACC-3’). To determine the closest phylogenetic relatives, the 
nucleotide sequences were compared with others deposited in the GenBank nucleotide 
data library, using the BLAST software (Altschul et al. 1997). Sequences were aligned 
with Av27’s 16S rDNA reference sequence using the CLUSTAL X program (Thompson et 
al. 1997). 
 
 
7.3.3.4 Construction of 16S rDNA libraries 
Three 16S rDNA libraries were constructed using three microcosm samples: sample 2, 
condition I (see Table 21) at time 0 (O/t0) and at time 150 d (O/t150); and sample 5, 
condition II (see Table 21) at time 150 d (Av/t150). 
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Total DNA extracted as described in section 7.3.3.1 was used for PCR amplification. 
The following bacterial universal primers were used: 5'-AGAGTTTGATCCTGGCTCAG-3' 
(27f; Escherichia coli nucleotides 8–27) and 5'-GGGCGGWGTGTACAAGGC-3' (1387r; E. 
coli nucleotides 1,387-1,404), where W = A or T, and giving an expected amplification 
product of about 1,400 base pairs (Lane 1991). PCR was performed in 50 "L reaction 
mixtures containing 1x DreamTaq™ buffer, 5% dimethylsulfoxide, 200 "M each 
nucleotide (Fermentas, Lithuania), 0.3 pmol of each primer, DreamTaq™ DNA 
polymerase (Fermentas, Lithuania), and 50-100 ng of total DNA. Amplification was 
performed in a Bio-Rad iCycler (Bio-Rad Laboratories, USA) with the following program: 
initial denaturation at 95ºC for 3 min; 30 cycles of denaturation at 95ºC for 30 s, annealing 
at 55ºC for 30 s, extension at 72ºC for 90 s followed by a final extension at 72ºC for 5 min. 
The resulting amplicons were cloned into the plasmid vector pCR 2.1 using the TA 
cloning kit (Invitrogen, USA) and according to the manufacturer’s instructions. 
Transformation was performed in ‘One shot® TOP10 chemically competent E. coli 
(Invitrogen, USA). One hundred and twenty clones were randomly picked and screened 
by PCR for the presence of the complete insert using the vector-specific primers T7f and 
M13r. PCR products were analysed in 1% agarose gels. 
 
 
7.3.3.5 Restriction fragment length polymorphism (RFLP) analysis 
To avoid sequencing the same clones and to increase library representation, 10 "L of 
the resulting rDNA amplicons were double-digested with two four-base-specific restriction 
enzymes BsuRI and TaqI (Fermentas, Lithuania) at 37ºC for 1 h and at 65ºC for 1 h. The 
digested fragments were analysed on 1.5% agarose gels at 5 V cm-1 for 70 min. The gels 
were stained with ethidium bromide (0.5 mg L-1) and the image was acquired using an 
ATTO apparatus (Japan). The RFLP patterns were analysed by GelCompar II version 6.1 
software (Applied Maths, USA). A dendrogram was constructed using the unweighted 
pair-group method with arithmetic averages (UPGMA) algorithm (data not shown). 
 
 
7.3.4 DNA sequencing and taxonomic affiliation 
About 120 clones from each library were sequenced at GATC Biotech (Germany) 
using 1387r primer. 
Clone sequences were manually checked and corrected using the 4Peaks software 
(version 1.7.2) and compared with the GenBank database with the Blast software 
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(Altschul et al. 1997). Due to the bad quality of some sequences or to their small size 
(<700 bp) some sequences were removed from the analysis. The DECIPHER software 
(Wright et al. 2012) was used to detect PCR-amplified hybrid sequences. Chimeric 
sequences were excluded from the analysis. 
Taxonomic assignments were performed by the Ribosomal Database Project 10.0 
(RDP) Classifier tool (http://rdp.cme.msu.edu) with 80% confidence. 
 
 
7.3.5 Diversity analysis and library comparisons 
Multiple sequence alignments were made for each library with the Clustal W program 
(version 1.60) (Thompson et al. 1994). As a criterion for refined grouping within an 
Operational Taxonomic Unit (OTU), a limit threshold of 97% sequence similarity was 
chosen considering that at sequence homology below this value, it is unlikely that 
organisms belong to the same specie (Stackebrandt and Goebel 1994). 
Rarefaction analysis, Shannon diversity index (H’) and Chao 1 estimates were 
calculated by using the RDP pipeline (http://rdp.cme.msu.edu). 
Distance matrices calculated using the RDP pipeline were used to estimate 
differences in community composition between pairs of libraries using the &-LIBSHUFF 
with the software MOTHUR (Schloss et al. 2004). 
 
 
7.3.6 Phylogenetic dendrogram construction 
Blast searches were performed at the NCBI GenBank database. The sequences with 
highest BLAST scores were used for phylogenetic analysis. Phylogenetic trees were 
constructed using the MEGA (molecular evolutionary genetics analysis) program version 5 
(Tamura et al. 2011) and the neighbour-joining method (Saitou and Nei 1987) with a 
Kimura 2-parameter correction model (Kimura 1980) and 1000 bootstrap replicates. 
 
 
7.3.7 Chemical analysis 
Organotin analyses are performed by GC-MS (gas chromatography coupled to mass 
spectrometry) and quantified by isotope dilution according to the method described by 
Sousa et al. (2007). To assess the quality assurance/quality control (QA/QC) a certified 
sediment reference material (NIES CRM No. 12) is analysed by the same method. 
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7.4 Results 
7.4.1 Comparison of original and sieved sediment 
In a preliminary experiment, sediment obtained directly from the environment was 
used for microcosm’s setup. Under this circumstance, the variance obtained in the 
chemical quantification of organotin compounds between replicas was high. These results 
were attributed to the fact that TBT can be differently adsorbed to sediment, depending on 
its characteristics, namely granulometry and organic matter quantity. Therefore, in this 
work, the microcosm experiment was prepared using sieved sediment. In this context, 
some physical parameters of the original and the sieved sediment were compared. An 
analysis of Table 22 revealed some differences, mainly on temperature, conductivity and 
granulometry. However, pH and salinity showed to be similar between the original and 
sieved sediment. 
 
 
Table 22. Physical data of the sediment at the sampling site, PPL, Ria de Aveiro (in situ) and in the 
microcosm (sieved), immediately before the beginning of the experiment. 
 in situ Microcosm 
Parameters Sediment Water Sieved sediment 
Temperature (ºC) 15 16.1 21.2 
Conductivity (mS cm-1) 23.8 46.5 7.3 
pH 7.68 7.93 7.96 
Salinity (‰) 27 26 27 
Gravel 0 - 0 
Sand 8.18 - 6.02 Granulometry (%) 
>0.063 mm 91.82 - 93.98 
 
 
Total bacterial number (TBN), bacterial biomass production (BBP) and bacterial 
community structure were also determined in both sediments (original and sieved). TBN 
and BBP of sieved and original sediments are presented in Figure 32. The values of TBN 
and BBP are approximately half on the sieved sediment when compared to the original. 
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Figure 32. Total bacterial number (TBN) and bacterial biomass production (BBP) of sieved and original 
sediment from Ria de Aveiro. 
 
 
Concerning the bacterial community structure, and analysing the PCR-DGGE profile 
(Figure 35) and the respective dendrogram (Figure 36), differences could also be 
observed between the two sediments. 
 
 
7.4.2 Growth and metabolic activity 
TBN and BBP are parameters that give an indication of the growth and metabolic 
activity of a bacterial community, respectively. 
Figure 33 shows the results of TBN counts in non-autoclaved (1 to 12) and autoclaved 
(13 to 24) samples from the microcosm experiment. 
An analysis of these results revealed that in non-autoclaved samples (1 to 12), 
generally, the TBN decreased with time, with exception for samples 1 to 6 that presented 
lower values of TBN in the beginning of the experiment (0 d). Here the TBN increased 
about 5 times after 30 d. In samples 10 to 12, the highest value for TBN was registered at 
the beginning of the experiment (0 d), decreasing sharply (about 1.6 times) after 30 days, 
followed by a slight increase after 90 days. By the end of the experiment, TBN value of 
those samples was close to that of the other non-autoclaved samples. 
Concerning the autoclaved samples, at the beginning of the experiment (0 d), the TBN 
(about 1.5x1011 cells g dw-1) was similar in all the samples slightly changing according to 
the size of Av27’s inoculum, i.e., TBN was slightly higher when the inoculum was higher. 
The values of TBN were, in general, similar in the beginning and at the end of the 
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experiment. After 150 days (150 d), the TBN of autoclaved samples was higher than that 
of non-autoclaved samples. Also in the autoclaved samples from time 0 to 90 d, it was 
observed a decrease of TBN, increasing after 150 d. 
 
 
 
Figure 33. Total bacterial number (TBN) of the microcosm experiment samples on time 0, 30, 90 and 150 d. 
Samples 1, 2, 3: sieved sediment; 4, 5, 6: sieved sediment containing 1/5 Av27; 7, 8, 9: sieved sediment 
containing 1/10 Av27; 10, 11, 12: sieved sediment containing 1/100 Av27; samples 13, 14, 15: sieved 
sediment autoclaved; 16, 17, 18: sieved sediment autoclaved containing 1/5 Av27; 19, 20, 21: sieved 
sediment autoclaved containing 1/10 Av27; 22, 23, 24: autoclaved sediment. 
 
 
Figure 34 shows the results for BBP. It can be observed that, as for TBN, in non-
autoclaved samples the pattern is different from that of autoclaved ones. Results showed 
that in general, the productivity was higher in non-autoclaved samples (1-12) at the 
beginning of the experiment, decreasing at the end. In non-autoclaved samples 1-9, BBP 
increased after 30 d and after that period it decreases. In the samples 10 to 12, where 
1/100 of Av27 strain was added, a high value of BBP was observed on time 0, decreasing 
after that time to values similar to the other non-autoclaved samples (about 
10 "g C g dw-1h-1). On the contrary, in autoclaved samples (13-24), the BBP generally 
increased along time. 
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Figure 34. Bacterial biomass productivity (BBP) of the microcosm experiment samples on time 0, 30, 90 and 
150 d. Samples 1, 2, 3: sieved sediment; 4, 5, 6: sieved sediment containing 1/5 Av27; 7, 8, 9: sieved 
sediment containing 1/10 Av27; 10, 11, 12: sieved sediment containing 1/100 Av27; samples 13, 14, 15: 
sieved sediment autoclaved; 16, 17, 18: sieved sediment autoclaved containing 1/5 Av27; 19, 20, 21: sieved 
sediment autoclaved containing 1/10 Av27; 22, 23, 24: autoclaved sediment. 
 
 
Due to the large amount of samples resulting from the microcosm experiment, it was 
necessary to adopt a criterion to select the samples to be further analyzed. To that end 
some of the parameters were carefully examined. 
Since BBP of the sediment samples to which 1/5 and 1/10 of Av27’s were inoculated 
were similar in both autoclaved and non-autoclaved sediment it was decided, that in the 
following analyses, only samples that were inoculated with 1/5 of Av27’s would be 
considered. Also, the strongest changes of BBP, the parameter that better describes the 
active bacterial biomass of the sample, were verified on times 0, 30 and 150 d. Thus, 
samples withdrawn at 90 d were not further analysed. 
 
 
7.4.3 PCR-DGGE analysis of bacterial community 
Bacterial communities of the microcosm samples were analysed by PCR-DGGE 
fingerprinting. In the autoclaved samples no bands were detect in the beginning of the 
experiment. However a band corresponding to Av27 bacterium could be detected on 
those samples containing autoclaved sediment to which Av27 was added. Also, the 
intensity of this band increased with time and till the end of the experiment, suggesting 
that Av27 is increasing its representativeness in the sediment samples over time. After 
150 days, other bands could be observed (data not shown) on autoclaved samples (13-
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24). This was probably due to the presence of some bacteria (or spores) that survived to 
the autoclave conditions. 
With the purpose of understanding the influence of A. molluscorum Av27 in the natural 
bacterial community, non-autoclaved samples were further analysed by DGGE in the 
sediments samples withdrawn at specific time intervals along the experiment. 
Figure 35 shows the DGGE profiles of non-autoclaved sieved and original sediment. 
An analysis of the gel shows that the bacterial community is rather stable over time in all 
the conditions tested. The amplification of three of the samples (6 and 11 from 0 d and 1 
from 30 d) was not possible and therefore they were excluded from the analysis. 
 
 
 
Figure 35. DGGE profiles of PCR-amplified V3 region fragments of the 16S rDNA. M: Marker I (Wako, Japan); 
C+: PCR performed using total DNA of Av27 strain; O: original sediment; 1, 2, 3: sieved sediment; 4, 5, 6: 
sieved sediment containing 1/5 Av27; 10, 11, 12: sieved sediment containing 1/100 Av27 strain. 
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Based on the DGGE banding profile (Figure 35) a dendrogram was constructed 
(Figure 36) that clearly show that samples are clustered according to the incubation time. 
Three groups were defined that corresponded to time elapsed from the beginning of the 
experiment, 0, 30 and 150 days; a forth group corresponded to the original sediment. As 
previously referred the original sediment is different from that of the sieved samples 
regarding the bacterial community present. On the other hand, bacterial community from 
sieved samples are similar (> 65% similarity) and the dynamic of the community over time 
was clearly observed (Figure 36). 
 
 
 
Figure 36. Cluster analysis of the bacterial communities present in microcosm samples not autoclaved and in 
the original sediment (original) upon DGGE profiles. Similarities were calculated using the Pearson correlation. 
 
 
On the DGGE banding profile it was possible to identify some bands occupying the 
same position as the band corresponding to A. molluscorum Av27 (control). However after 
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nucleotide sequencing analysis (Table 23), none of the bands recovered showed similarity 
with the 16S rRNA gene from Aeromonas strains. 
 
Table 23. Nucleotide sequence identity of bands in DGGE. 
Band code Best match sequences from GenBank Identity (%) Accession No. 
5-4t0 Uncultured bacterium clone AMSMV-0-B104 98 HQ588394 
7-5t30 Uncultured delta proteobacterium clone I7B 99 JF902962 
12-4t0 Uncultured organism clone SBZP_2853 99 JN534620 
13-4t0 Uncultured bacterium clone H3pH81c 100 JQ179487 
1-4t30 Uncultured organism clone SBZP_2853 99 JN534620 
6-4t30 Uncultured bacterium clone V19F94b 95 FJ905670 
12-4t30 Salt marsh clone LCP-84 99 AF286038 
14-4t30 Uncultured organism clone SBZP_2853 99 JN534620 
21-4t30 Uncultured organism clone SBZP_2853 99 JN534620 
5-5t150 Uncultured bacterium clone VHS-B3-9 99 DQ394929 
 
 
 
7.4.4 Composition of the 16S rDNA libraries 
Three 16S rDNA libraries were constructed using the sediment withdrawn at time 0 
(O/t0) and at time 150 d (O/t150), and sediment inoculated with Av27 strain withdrawn at 
time 150 d (Av/t150) (see Table 21). 304 high-quality 16S rDNA sequences were 
obtained. 
The clones were classified into operational taxonomic units (OTUs) based on 97% 
sequence similarity. For relative comparison of libraries, Shannon and Chao 1 indices 
were calculated to describe the diversity of the OTU distribution and nonparametric 
estimation of OTU richness, respectively (Table 24). 
 
 
Table 24. Comparison of number of sequences, OTUs, richness (Chao 1) and diversity (Shannon) indices of 
16S rDNA libraries. 
 
 16S rDNA library 
Analyses O/t0 O/t150 Av/t150 
Number of sequences 125 95 96 
Number of OTUs 101 87 80 
Chao 1 estimator 466 627 245 
Shannon index (H’) 4.52 4.43 4.32 
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Richness of the community from O/t150 sample was higher than the other samples as 
estimated by Chao 1 index. Shannon index was similar in all the three libraries. 
Rarefaction curves (Figure 37) showed that all the libraries had captured roughly the 
same level of the extant diversity. Asymptotic rarefaction curves indicated that further 
sequencing of the three libraries is needed to have a more realistic scenario of the 
diversity of these bacterial communities. 
 
 
Figure 37. Rarefaction analysis of 16S rDNA sequence heterogeneity in the clone libraries of three different 
bacterial communities. Total number of clones screened is plotted against unique operational taxonomic units 
(OTUs). OTUs were defined as sequences sharing more than 97% nucleotide sequence similarity. O/t0: 
sediment at time 0; O/t150: sediment after 150 d; Av/t150: 1/5 Av27 inoculated sediment after 150 d. 
 
 
&-LIBSHUFF estimation (Table 25) revealed no significant differences (p< 0.05) in the 
bacterial community composition in the paired O/t0 vs. Av/t150 and vice-versa. Those 
results indicated that over time, the addition of Av27 did not significantly altered the 
natural bacterial community. Still, significant differences in the composition of the bacterial 
community were detected in the paired O/t150 vs. Av/t150 and vice-versa, contrary to the 
previous results presented. In this case, it seems that Av27 is able to change the bacterial 
community, since a different community is detected when Av27 is not added to the 
microcosm. A significant difference was observed between O/t0 and O/t150, indicating 
changes in the community over time. However, when the reciprocal coverage was 
analysed (O/t150 vs. O/t0) no significant differences were observed. These results 
indicated that library O/t150 is a subset of library O/t0, i. e, the members of the library 
O/t150 were present in the library O/t0, but only some of the members of the O/t0 were 
present in the O/t150. 
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Table 25. p-values from the *-LIBSHUFF analysis. The table is organized to represent the X (column) 
coverage by Y (rows). p-value of < 0.05 indicates a statistically supported difference in microbial libraries.  
 
Libraries O/t0 O/t150 Av/t150 
O/t0 - 0.1388 0.2342 
O/t150 0.0183 - 0.0129 
Av/t150 0.2322 0.0051 - 
 
 
7.4.5 Phylogenetic diversity 
Based on the phylogenetic analysis, five phyla within the domain Bacteria, namely 
Acidobacteria, Chloroflexi, Firmicutes, Bacteroidetes and Proteobacteria were 
represented in the three 16S rDNA libraries, being Proteobacteria the dominant phylum 
(Figure 38). Other phyla were also present: Fusobacteria in O/t0 library; Chlorobi, 
Planctomycetes and Spirochaetes in O/t0 and Av/t150; Actinobacteria in O/t0 and O/t150; 
Nitrospira in O/t150 and Cyanobacteria in O/t150 and Av/t150 (Figure 38). 
 
 
 
Figure 38. 16S rDNA phylotype distribution in microcosm communities’ libraries. O/t0: sediment at time 0; 
O/t150: sediment after 150 d; Av/t150: 1/5 Av27 inoculated sediment after 150 d. A confidence threshold of 
80% was used. 
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Figure 39. Neighbour joining phylogenetic tree showing the relationships between 16S rRNA gene sequences 
from bacteria of libraries O/t0, O/t150 and Av/t150 and related organisms (uncultured and cultured) belonging 
to the Proteobacteria phylum from the GenBank database. Bootstrap values were calculated from 1000 
replications. The scale bar represents 0.01 changes per sequence position. 
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Please consult the file Figure 40 in attachment. 
 
 
Figure 40. Neighbour joining phylogenetic tree showing the relationships between 16S rRNA gene sequences 
from bacteria of libraries O/t0, O/t150 and Av/t150 and related organisms (uncultured and cultured) belonging 
to the Bacteroidetes phylum from the GenBank database. Bootstrap values were calculated from 1000 
replications. The scale bar represents 0.02 changes per sequence position. 
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Please consult the file Figure 41 in attachment. 
 
Figure 41. Neighbour joining phylogenetic trees showing the relationships between 16S rRNA gene 
sequences from bacteria of libraries O/t0, O/t150 and Av/t150 and related organisms (uncultured and cultured) 
belong to other phylogentic phyla different from Proteobacteria and Bacteroidetes from the GenBank 
database. Bootstrap values were calculated from 1000 replications and are presents at nodes. The scale bar 
represents 0.02 changes per sequence position. 
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In addition, only few clones (less than about 3% per group) were affiliated with 
Fusobacteria, Chlorobi, Actinobacteria, Planctomycetes, Acidobacteria, Firmicutes, 
Spirochaetes, Nitrospira and Cyanobacteria. Finally 8, 16 and 14.6% of the clones from 
O/t0, O/t150 and Av/t150, respectively, could not be affiliated to any known bacterial 
group (Figure 38). 
Due to the high number of clones, three different phylogenetic trees were constructed, 
one including the closest relatives of Proteobacteria (Figure 39), another including the 
closest relatives of the Bacteroidetes (Figure 40), and a third that include all the other 
phyla and the clones that not affiliated with any known phyla (Figure 41). Generally the 
information retrieved from the databases revealed that the majority of the clones are 
affiliated with unculturable bacteria from sediments. 
The majority of the sequences from all the libraries were related to the Proteobacteria 
phylum, including Gammaproteobacteria, Deltaproteobacteria and Alphaproteobacteria. 
Epsilonproteobacteria was present only in the library Av/t150 accounting for 3% of the 
total number of sequences. Bacteroidetes were also found in the three libraries. Among 
these the most represented classes were Flavobacteria, Cytophagia and unclassified 
Bacteroidetes. 
Similarly, as revealed by the analysis of the DGGE profiles of the microcosm 
experiments, the phylogenetic diversity of the libraries was also quite uniform over time 
even when Av27 was inoculated into the microcosm sediments. 
 
 
7.5 Discussion 
The main goal of the present work was to investigate the ability of Aeromonas 
molluscorum Av27 to bioremediate TBT, alone and in association with the indigenous 
bacterial community from the sediment from where it was isolated. For that, a microcosm 
experiment was established with i) natural sediment (collected at the site from where A. 
molluscorum Av27 was isolated), and ii) the same sediment autoclaved (to exclude the 
presence of other bacteria). Additionally, A. molluscorum Av27 was inoculated at different 
cell concentrations in some of the defined conditions. In this experiment, sieved sediment 
was used. Thus, the comparison between the original and sieved sediment was done. 
Some physical parameters of the sediments were determined, such as pH and salinity. 
These two parameters can have a significant effect on the overall diversity and 
composition of microbial communities (Baath and Anderson 2003; Fierer and Jackson 
2006; Henriques et al. 2006b; Lin et al. 2010). In this study, pH and salinity were found to 
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be similar between the original and the sieved sediments. Therefore, the results obtained 
with the microcosm experiment could be extrapolated to the environment 
Microbial communities are crucial to the operation of ecosystems, namely the 
estuarine environments, such as Ria de Aveiro. However, the roles of most 
microorganisms in natural systems are unclear once most of these are unculturable by the 
conventional culturing methods currently available (Amann et al. 1995). Nowadays, a 
number of culture-independent molecular methods helped on the determination of the 
community composition and are on the basis for a stronger understanding of 
environmental microbial ecology. Herein, two different culture-independent techniques 
were employed to that purpose: 16S rDNA DGGE and 16S rDNA libraries. 
16S rDNA DGGE has been widely used to detect relevant compositional differences 
between communities in various environments (Liu et al. 2012; Muyzer et al. 1993), 
despite the shortcomings commonly associated with it (Henriques et al. 2006b). 16S rDNA 
DGGE was employed to follow the changes on bacterial community along time. The 
results showed that the bacterial community was stable, even after the inoculation of Av27 
to the microcosm sediment. The method used didn’t allow detecting relevant alterations in 
the community caused by Av27. In the DGGE it was not possible to identify bands 
corresponding to Aeromonas strains. This could be due to a limitation of the technique 
that can only retrieve sequences that are present in at least 0.5-1% of the total cells in the 
samples (Muyzer et al. 1993). This suggests that Av27 strain is not largely represented in 
this sediment bacterial community. Thus our results are in accordance to those of Suehiro 
et al. (2006) and Carvalho et al. (2010) that reported that the structure of the microbial 
community of the initial sediment remains constant, indicating that a stable microbial 
community is found in TBT polluted sites. 
In parallel, three bacterial 16S rDNA libraries were constructed. Library O/t0 
represents the composition of the bacterial community of a moderately TBT contaminated 
area, in Porto de Pesca Longínqua (PPL), in Ria de Aveiro. In this library, the most to the 
less abundant phyla present were as follows Proteobacteria (Gammaproteobacteria> 
Deltaproteobacteria> Alphaproteobacteria)> Bacteroidetes> Unclassified-Bacteria> 
Chloroflexi> Acidobacteria> Spirochaetes> Actinobacteria= Firmicutes> Planctomycetes= 
Chlorobi= Fusobacteria. Gray and Herwig (1996) detected six major lineages of the 
domain Bacteria and reported the dominance of the Gammaproteobacteria in a marine 
sediment sample from Puget Sound, Wash (USA). The same lineages were also found 
and reported by Urakawa and collaborators (Urakawa et al. 1999) in marine sediments 
from Sagami - and Tokyo Bays, in Japan. The dominance of Gammaproteobacteria within 
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the bacterial population is consistent with the fact that this subphyla is often dominant in 
the surface of coastal and tidal sediments (Edlund et al. 2008; Kim et al. 2008; Webster et 
al. 2010) and in sediments from Eastern Mediterranean sea (Polymenakou et al. 2005). 
Therefore, all these results support the data that were observed in O/t0 16S rDNA gene 
library. Culture-independent studies performed on marine and brackish water samples in 
Ria de Aveiro revealed that Alphaproteobacteria was dominant, followed by Gamma and 
Betaproteobacteria. Furthermore, in the same study, it was observed that clones affiliated 
with the Deltaproteobacteria, Verrucomicrobia, Bacteroidetes and Actinobacteria were 
exclusive of brackish water (Henriques et al. 2004). Overall these informations also 
support the results observed in O/t0 16S rDNA library; although no clone affiliation with 
Betaproteobacteria was found. This might be explained by the fact that this subphyla has 
been usually associated to freshwater habitats (Liu et al. 2012; Simek et al. 2005). 
The other two 16S rDNA libraries (O/t150 and Av/t150) are expected to provide 
information about the changes on bacteria diversity over time. In fact some changes could 
be observed as, for instance, the change of dominance among the Proteobacteria after 
150 days. At the beginning of the experiment (day 0) it was observed that the dominance 
order was Gamma> Delta> Alphaproteobacteria. At the end of 150 d, a change of 
dominance was observed for Delta> Gamma> Alphaproteobacteria. This could be related 
to the role of Deltaproteobacteria in the environment. Deltaproteobacteria, namely the 
order Desulfuromonadales contains known sulphur- and metal-reducing bacteria (Webster 
et al. 2010). Probably, these bacteria community established along time have a role in the 
metabolization of TBT or other compounds present in the sediment. Further OTs analysis 
will help clarify this result. Another important aspect was the distinct abundance of 
Alphaproteobacteria on the original sieved sediment in the beginning and at the end of the 
experiment, about 5 and 12%, respectively. The lower abundance of Alphaproteobacterial 
was associated with the presence of various hydrocarbon contaminants (Polymenakou et 
al. 2005). These results suggest that most probably, in the beginning of the experiment 
more contaminants, as for instance TBT, were present in the sediment, decreasing over 
time and allowing the establishment of Alphaproteobacteria in the community. Again, OTs 
chemical analyses will help clarify this result. Still, on the library Av/t150 (with the addition 
of Av27) after 150 days, the percentage of Alphaproteobacteria was almost the same as 
in the beginning of the experiment whereas Epsilonproteobacteria was only present in this 
library. Epsilonproteobacteria have been increasingly recognized as important bacteria 
involved in sulphur-dependent biogeochemical cycles and are globally ubiquitous in 
marine and terrestrial environments (Campbell et al. 2006). These results suggest that 
Chapter VII  
 152 
Av27 and Gammaproteobacteria contribute to the formation of sulphur-compounds 
essential for growth of Epsilonproteobacteria. All three bacterial 16S rDNA libraries were 
diverse and included sequences affiliated with most phyla inhabiting marine sediments. 
Similar results were reported in marine sediments from Sagami and Tokyo Bays, where 
the 16S rDNA clones demonstrated a remarkable diversity, as revealed by RFLP patterns, 
representing different OTUs. These observations are not common, since in marine 
sediments microbial communities (Gray and Herwig 1996) were usually less variable and 
simple at the phylum or class level (Urakawa et al. 1999). 
However, it was reported by Bowman et al. (2000) that also in pristine marine 
sediments bacterial communities could have a total community genome complexity 
exceeding values obtained for complex microbial soil communities (~11,400 compared to 
~8,800 genome equivalents). Moreover, in addition to its high diversity, sediment bacterial 
communities consist largely of uncultivated representatives (Bowman et al. 2000). In the 
present work, almost 100% of the bacterial 16S rDNA sequences used for phylogenetic 
analysis shared high sequence similarity with unculturable bacteria. Webster and co-
workers (2010) highlighted in their study that several groups of uncultured prokaryotes 
play important ecological roles in carbon and sulphur cycling of tidal sediments. 
Also, the results suggested that the coverage of clone libraries have been sampled 
only in a small proportion of the total bacterial diversity. The same was reported by 
Polymenakou and co-workers (2005) that constructed four sediment 16S rDNA libraries, 
and concluded that thousands of clones were needed to be able to reach the rarefaction 
of any individual sediment clone library. This observation confirms that existing 16S rDNA 
clone libraries have only scratched the surface of the enormous bacterial diversity 
contained in sediments (Polymenakou et al. 2005). Also Uthicke and McGuire (2007) 
concluded that pooling of individual libraries still resulted in very little saturation in 
rarefaction curves, indicating that a full description of the diversity would require an 
immense sampling size. More recently, Lin and co-workers (2011) concluded that, also in 
16S rDNA libraries constructed to characterize soil bacterial communities from forests, the 
communities were incompletely sampled, as revealed by the failure of rarefaction curves 
to get plateau. 
Bioremediation of river sediment by bacteria was already tested under laboratory 
conditions, after enrichment of sediments in TBT up to 1.0-1.4 "g g-1 (dry wt). Under those 
conditions, a reduction of about 50% of TBT level after 150 days was observed (Suehiro 
et al. 2006). Since Av27 is able to degrade TBT when grown in laboratory in Marine broth 
culture medium (Cruz et al. 2007), thus we wanted to investigate whether this bacterium is 
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also able to degrade TBT in a laboratory microcosm. Likewise, it was also important to 
know whether a bacterial consortium is required for TBT degradation. To that end, we 
proceeded to analyze sediment samples collected over the time of the experiment to 
detect the presence of TBT and its degradation products (DBT, MBT and Sn). Yet, due to 
some technical problems, until the date of completion of this work it was not possible to 
obtain these results. Notwithstanding, only those results will confirm if TBT degradation 
occurred under the defined experimental conditions of the microcosm and will clarify the 
role of A. molluscorum in TBT degradation/remediation. Those results will also reveal 
whether Av27 requires the help of the sediment’s indigenous bacterial community to 
degrade TBT. 
Although the results herein presented are still preliminary, some conclusions can be 
drawn. In general, the bacterial community of the estuarine sediment showed to be stable 
over time, even when Av27 strain is introduced. TBN, BBP determinations, 16S rDNA 
DGGE analysis and 16S rDNA libraries revealed some alterations that together with the 
OTs determination data could help to understand the changes of microbial community 
composition and the TBT degradation dynamic. Furthermore, sequencing of more 16S 
rDNA clones will provide a better coverage of the bacterial community. In the present work 
and as reported by Polymenakou et al. (2005), a large proportion of the obtained 
phylotypes represent bacteria that are only distantly related to other sequences in the 
GenBank, which implies that many more prokaryotic lineages are waiting to be 
discovered. The resource of high-throughput tools as pyrosequencing or other next-
generation sequencing methodology, could allow the analysis of larger clone libraries and 
will fully elucidate the changes in the bacterial communities exposed to TBT. 
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8.1 Abstract 
Tributyltin (TBT) contamination remains a major problem worldwide. Many laboratories 
are committed to the development of remediation methodologies that could help reduce 
the negative impact of this compound in the environment. Furthermore, for a preliminary 
analysis, it is important to have at hand simple methodologies for evaluating TBT toxicity 
in the laboratory, besides the complex and high costly analytical methods available. With 
that purpose a method was adapted that is based on the inhibition of growth of an 
indicator strain, Micrococcus luteus ATCC 9341. Different types of matrices, TBT 
concentrations and sample treatments were tested. The results herein reported show that 
the bioassay method can be applied for both aqueous and soil samples and also for a 
high range of TBT concentrations (at least up to 500 "M). Besides being inexpensive and 
easy to perform, it can be performed in any laboratory. 
 
 
8.2 Introduction 
Tributyltin (TBT) is a toxic chemical used as additives in antifouling paints, wood 
preservatives, biocides and plastics that is world widely dispersed in the environment 
(Hoch 2001). 
As frequently reported, TBT has strong negative effects in both eukaryotic and 
prokaryotic organisms (Antizar-Ladislao 2008). 
Considering the undesired impacts of TBT, efforts have been undertaken to find a 
global solution to this problem and legal requirements have been enforced to protect the 
aquatic environment. For instance, the International Maritime Organization (IMO) called 
for a global treaty that bans the application of TBT-based paints starting 1 January 2003, 
and total prohibition by 1 January 2008 (Directive ; IMO 2001). The 1993 Quality Status 
report for the North Sea identified TBT as a particularly important target compound for 
monitoring and assessment activities (OSSPAR/ICE 1993). 
Present and future restrictions, unfortunately, will not immediately remove TBT and its 
degradation products from the environment, since these compounds are trapped in the 
sediments and will persist for many years. Additionally, while the use of antifouling paints 
containing TBT has been banned in countries that joined the IMO, it is likely that organotin 
compounds will continue to be produced and used as effective biocides, especially in 
developing countries and others that do not join the IMO (Antizar-Ladislao 2008). 
The concentration of TBT found in waters and sediments is an issue of environmental 
concern in areas requiring costly remediation (Bangkedphol et al. 2008). In general, 
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biodegradation by bacteria and algae are assumed to be the preferred process 
responsible for TBT breakdown in both water column and sediments (Dowson et al. 1996; 
Dubey and Roy 2003; Tessier et al. 2007). With that aim, several experiments are being 
conducted to find the best conditions for TBT remediation (Bernat and Dlugonski 2006; 
Sakultantimetha et al. 2011; Stasinakis et al. 2005). 
To perform TBT remediation experiments it is important to monitor the toxic compound 
over time. Most analytical methods to detect organotin compounds are based on high-
resolution techniques with complicated sample preparation (Bangkedphol et al. 2008). 
The methods currently used involve several analytical steps such as extraction, pre-
concentration, clean up, derivatisation, separation, and finally detection by element or 
molecule specific techniques (Kumar et al. 2004). These methodologies are time 
consuming, which increases the costs of the analysis, and, ultimately, not all the 
laboratories have the necessary equipment to perform them. 
Therefore, rapid, economic and simple methods to monitor TBT toxicity are required 
and will help on the selection of the samples needing to be further analysed. The method 
adopted is a simple bioassay that allows, in 24 hours, a qualitative and semi-quantitative 
determination of the presence/absence of TBT and can be used with different matrices 
such as culture media, fresh water, seawater and soil. 
 
 
8.3 Materials and Methods 
8.3.1 Bacterial strains and growth 
Micrococcus luteus ATCC 9341 was maintained in Tryptic Soy Agar (TSA) plates 
(Merck, Germany) at 4ºC. In liquid culture, growth of M. luteus occurred in Tryptic Soy 
Broth, TSB (Merck, Germany) at 37ºC and 250 rpm. 
 
8.3.2 Matrices tested 
The different matrices tested were: (1) Tryptic Soy Broth, TSB (Merck, Germany); (2) 
Marine broth, MB (Difco, USA); (3) Fresh water, FW (tap water collected on October 20th, 
2011); (4) Artificial seawater, SW (Crystal Sea® Bioassay Formulation, Marine 
Enterprises International; salinity of 33) and (5) Agricultural soil collected from an 
agricultural field in the spring of 2010 (first 20 cm of soil) from the lower Mondego Valley 
(Portugal) (Santos et al. 2011). The soil has no history of pesticide application in the last 
five years (Lemos et al. 2010). Soil parameters include a pH (H2O)=7.48, organic matter 
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content=2.4%, clay=4.2%, silt=7.0%, sand=88.7%, density (g/cm3)=2.4, and a water 
holding capacity =70%. The soil was brought to lab, sieved (5 mm) and air dried prior to 
the experimental procedures. 
 
8.3.3 Sample preparation 
Samples were prepared as described on Table 26. Samples were autoclaved for 
15 min at 121ºC prior to TBT contamination; alternatively, samples were spiked with TBT 
before being frozen for 48 h at -80ºC to kill the majority of bacteria. 
 
Table 26. Preparation of samples. (+) Procedure applied; (-) procedure not applied. 
Samples Autoclave and TBT contamination TBT contamination and 48 h at -80ºC 
TSB + - 
MB + - 
Fresh water + + 
Artificial seawater + + 
Natural soil - + 
 
 
8.3.4 TBT contamination of the samples 
A stock solution (0.1 M) of tributyltin chloride, TBTCl (97%) (Fluka, Switzerland), was 
prepared in absolute ethanol as solvent. Hereafter, TBTCl will be referred as TBT. All the 
samples were contaminated with different TBT concentrations (5, 25, 50, 100, 500 "M) 
and the procedures were performed in the dark to avoid TBT degradation by light. In all 
the experiments a control without TBT was used. The same volume of ethanol used for 
the highest TBT concentration was also included as a control.  
Aqueous samples (TSB, MB, fresh and artificial seawater) were contaminated by 
directly applying the TBT from the stock solution, into the liquid. The tube was inverted 
several times to mix up the TBT. 
Soil samples were contaminated by applying the respective TBT concentration into the 
tubes and carefully mixing with the soil. The water holding capacity (WHC) was adjusted 
to 70% using sterilized distilled water. 
 
8.3.5 Preparation of agar plates 
TBT toxicity was assessed on Tryptic Soy Agar (TSA) plates (Merck, Germany) 
seeded with the indicator strain Micrococcus luteus ATCC 9341 at a final concentration of 
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0.02 (optical density at 600 nm). The agar medium (100 mL) was aseptically poured into 
sterile Petri dishes (125x125 mm) and allowed to solidify for 3 h. Wells of 5 mm diameter 
were made in the agar plates. 100 "L of each aqueous samples were placed into each 
well. For soil samples, the wells were completely filled with the sample. The plates were 
incubated at 4ºC for 2 h to allow the diffusion of TBT through the agar following incubation 
at 37ºC overnight. After the incubation period the inhibition zones were measured. Three 
replicates of each condition were performed. 
Diameters of inhibition zones versus TBT concentrations were plotted in a graph to 
obtain a standard curve. 
 
 
8.4 Results and Discussion 
To fulfil the need for a rapid method to evaluate TBT toxicity of different samples, a 
simple method was adapted based on M. luteus bioassay. M. luteus is a bioindicator 
microorganism commonly used for bioassays due to its sensitivity to a number of different 
compounds, including antimicrobials (Caetano et al. 2011; Ostensvik et al. 1998; 
Pongtharangkul and Demirci 2004). Thus, in this study the use of M. luteus to evaluate 
TBT toxicity was investigated. M. luteus is sensitive to TBT, and therefore could be 
employed in the bioassay as reference strain. 
Different types of matrices, TBT concentrations and sample treatments were tested. 
Figure 42 shows the results obtained. In the control samples (absolute ethanol and the 
samples without TBT), no growth inhibition zones were visible. Likewise, when a low TBT 
concentration was tested (5 "M) no inhibition of growth could be observed (Figure 42). 
However, at higher TBT concentrations, inhibition zones were clear. Moreover, the 
inhibition areas increased with the increase of TBT concentrations tested (Figure 43), 
showing that M. luteus is sensitive to those TBT concentrations and that can efficiently be 
used to detect the presence of TBT. 
The bioassay should be useful to the matrixes that are routinely used for various 
experimental applications in the laboratory. Some of those matrixes are TSB, MB culture 
media, freshwater, artificial seawater and natural soil. TSB is a rich medium commonly 
used to grow a wide variety of microorganisms, especially common aerobic and facultative 
anaerobic bacteria and MB a medium suitable for the cultivation of heterotrophic marine 
bacteria (System 2009). Freshwater, artificial seawater and natural soil are environment 
compartments usually contaminated by TBT and both commonly used in several 
ecotoxicology studies. The M. luteus bioassay proved to be effective for the different 
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matrices tested (culture medium, water, soil), as inhibition zones were observed to M. 
luteus due TBT toxicity. 
 
 
Figure 42. Bioassay of different types of matrices using M. luteus ATCC 9341 as the indicator strain. TSB: 
Tryptic soya broth, MB: Marine broth, FW: freshwater, SW: Artificial seawater and soil contaminated with TBT 
(0, 5, 25, 50 100, 500 "M). C: control sample (absolute ethanol). A: autoclaved sample (121ºC for 15 min). -
80: sample frozen at -80ºC for 48 h. 
 
 
EC50 values for TBT were determined by Hund-Rinke and Simon (Hund-Rinke and 
Simon 2005) for microbial activities, plant germination and growth, and for the 
reproduction of earthworms and collembola. The EC50 values registered were: 
>1000 mg TBT kg-1 for microorganisms, 22-66 mg TBT kg-1 for Folsomia candida, 1.3-
3 mg TBT kg-1 for Eisenia fetida, 16-39 mg TBT kg-1 for Brassica rapa and 452-
Chapter VIII 
 162 
687 mg TBT kg-1 for Avena sativa (Hund-Rinke and Simon 2005). Thus, the range of toxic 
TBT concentrations registered was between about 3-3000 "M. Based on that, and 
excluding the extremely high concentrations registered, six different TBT concentrations 
(5, 25, 50, 100 and 500 "M) were chosen to perform the M. luteus bioassay. The results 
obtained are shown in Figure 42. In both culture media an increase of the inhibition zone 
was observed with the increase of TBT concentration. Freshwater and seawater were 
tested after being autoclaved or used directly after being collected (FW/A, FW/-80, SW/A 
and SW/-80). The results shown in Figure 42 revealed that when the samples were 
autoclaved and then supplemented with TBT, the results were similar to those obtained 
with the culture media. When the samples were frozen, the inhibition zones were smaller, 
but it is still possible to see an increase of the diameter of the halo with the increase of 
TBT concentration. Although Sheldon (1975), reported that Sn-C bond is stable up to 
200ºC, when the samples were spiked with TBT prior to autoclave, TBT toxicity was 
affected probably due to the autoclaving conditions – temperature, humidity and pressure 
– and the effect observed on the growth inhibition of the M. luteus was less significant. 
Thus, it is recommended that samples should be frozen before performing the bioassay. 
In general, a smaller inhibition zone was observed in the seawater samples when 
compared to those observed with freshwater samples, in all the tested concentrations. 
Inaba et al. (1995) reported that in freshwater areas TBT pollution levels are higher than in 
seawater environments. This seems to be the reason for the lower toxicity observed in 
seawater samples when compared to those of freshwater (SW in Figure 42). When 
natural soil samples were tested, nominal concentrations of TBT were spiked into the soil 
matrix. The natural soil possesses a rich microbial community that may also produce 
compounds that can inhibit growth of M. luteus, which could confound the interpretation of 
the results. Therefore, soil samples were previously frozen at -80ºC to kill almost bacteria, 
allowing a correct interpretation of the inhibition zones. As shown in Figure 42, an 
increase of the inhibition zone is observed with an increase of the TBT concentration 
(Soil/-80), confirming the applicability of the method also with this type of samples. 
This method can be easily adapted to the routine laboratory analysis when TBT 
toxicity evaluation is required. In our laboratory it has been used to detect the presence 
and/or degradation of TBT in different matrices, as a preliminary analysis of samples that 
have been bioremediated, prior to the very expensive mass spectrometry (MS) analysis.  
Several advantages can be highlighted such as simplicity, cost-effectiveness, speed, 
no need the use of standards and not associated to analytical errors. However, this 
method revealed low sensitivity when low TBT concentrations were used. Also, it does not 
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substitute MS analysis when a precise determination of TBT or its degradation products 
(MBT and DBT) is required. 
 
 
 
Figure 43. Diameter of the inhibition zone in the assays of different matrices and treatments using M. luteus 
ATCC 9341 as indicator strain (see text for details). 
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9.1.1 Synopsis of the study 
TBT contamination has been recognized as a serious problem worldwide. Despite 
uncertainties regarding ‘far-field’ effects, contamination of the marine environment with 
organotins is clearly a persistent and pervasive problem (Santillo et al. 2001). 
Monitoring data reveal that organotin compounds are ubiquitous in aquatic organisms 
proving the bioavailability of these compounds in the environment (Galante-Oliveira et al. 
2010; Rudel 2003). 
Many efforts have been made to reduce pollution by TBT, which include its 
prohibition/restriction to the attempt its elimination from the environment. Most of the 
available strategies to remediate TBT contaminated environments (such as 
dredging/excavation, capping, and monitored natural attenuation) can be problematic, 
since the contaminants remain in the environment, and the problem of bioaccumulation of 
pollutants in the food chain is not eliminated. Hence, the need to find alternatives is 
desirable (Antizar-Ladislao 2008). 
Since the first use of TBT, several reports have described the negative impact of TBT 
in living organisms from bacteria to mammals (Antizar-Ladislao 2008; Gadd 2000; Wuertz 
et al. 1991). Similarly, reports began to appear describing TBT resistance in some 
prokaryotic organisms (Dubey and Roy 2003; Hernould et al. 2008; Mendo et al. 2003). 
The main goals of the present work were to understand and elucidate the mechanisms 
of TBT resistance in bacteria and, simultaneously, investigate the possibility of 
bioremediation of this compound in contaminated sites. 
With that purpose the first approach consisted on the isolation of TBT resistant 
bacteria. To that end, water and sediment samples were collected from a contaminated 
site in Ria de Aveiro, Portugal, to isolate bacteria and study their TBT resistance profile. 
Chapter II describes the results of that screening, where several Gram positive and Gram 
negative TBT resistant bacteria from different species and genera were isolated. Among 
the bacteria collected, one isolate Aeromonas molluscorum Av27, highly resistant to TBT 
was selected for further studies. Herein, it was found that this bacterium is able to degrade 
TBT to simpler and less toxic compounds (DBT and MBT) and it also uses it as sole 
carbon source. 
A. molluscorum Av27 was phenotypically and genotypically characterized. The results 
of this characterization are included in Chapter III and revealed that the optimal growth 
conditions for the bacterium are at 25°C, 1% to 4% of NaCl tolerance and a pH between 6 
and 9; additionally, it was found that Av27 is not cytotoxic to Vero cells, increasing the 
interest on this bacteria considering its future application in bioremediation processes. 
Chapter IX 
 168 
Chapter IV describes the effects of TBT on the metabolic activity of two resistant 
bacteria (including Av27) and one sensitive bacterium. TBT showed to have a high impact 
on growth, bacterial cell density, cell size and metabolic activity. In addition, alterations on 
spatial organization of the cells resulted in the formation of cell aggregates. Also, TBT was 
found to be very toxic for bacteria strongly affecting its metabolism, thus interfering with 
cell activity. 
The results included in Chapter V are part of the studies devoted to the elucidation of 
the TBT resistance mechanisms in A. molluscorum Av27. The construction of the genomic 
library in E. coli HB101 allowed the identification of one clone resistant to TBT. In this 
clone one ORF, encoding Av27-sugE gene, conferred high TBT resistance to E. coli cells. 
The gene encode for a protein homologous to the small multidrug resistance (SMR) 
proteins that confer resistance to a variety of quaternary ammonium compounds, lipophilic 
cations and a variety of antibiotics (Bay et al. 2008). This constituted the first description 
associating SMR proteins with TBT resistance. Av27-sugE was found to be over-
expressed when A. molluscorum Av27 cells grew in the presence of 500 "M of TBT. 
Furthermore, to prove the involvement of this gene with TBT resistance the generation of 
a Av27-sugE knock out mutant was unsuccessfully attempted. Still, and also considering 
that Av27 is able to degrade TBT, it seems plausible to think that other TBT resistance 
mechanisms might be present in A. molluscorum Av27. An homologous Av27-sugE gene 
was never associated with TBT resistance before. Consequently, TBT resistance 
mechanisms are most probably different among bacteria, as already suggested by other 
authors (Hernould et al. 2008; Jude et al. 2004). 
Moreover, some experiments were carried out in order to understand if Av27-SugE 
protein was involved in TBT-efflux; however, those experiments were not successful due 
to the chemical and physical properties of TBT. Alternatively, modelling studies of Av27-
SugE were performed and suggested that TBT has affinity to Av27-SugE and that most 
probably TBT is effluxed from the bacterial cell. Further studies should help in the 
elucidation of this mechanism. 
TBT measurement is required by the regulatory agencies and also for the control and 
monitoring of processes in industrial areas. However, traditional analytical methods are 
expensive, time consuming and need expertised technical personnel constituting an 
impediment for their application at a regular basis. Bioreporters constitute an alternative to 
monitor pollutants, and to give information about the bioavailability of the compound. 
Thus, a bioreporter to monitor the TBT in environmental samples was constructed in this 
study. All the steps that were involved in the construction of the system are included in 
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chapter VI. The bioreporter detection limits varied from 1 to 1000 nM, which are relevant 
environmental TBT concentrations. Moreover, a result is given within 3 h, which may be 
regarded as a quick response. However, further improvements are still required to 
increase the performance of the bioreporter. 
Bioremediation of a variety of contaminants has become broadly accepted; it often can 
be applied in a cost effective manner and employs naturally occurring bacteria. 
Considering some relevant characteristics of A. molluscorum Av27 above referred, such 
as (i) growth in rich and poor environments, (ii) ability to use TBT as carbon source and to 
degrade it and (iii) low cytotoxicity, a microcosm experiment was established to evaluate 
the potential ability of Av27 to remediate TBT on the sediments alone and in association 
with the sediment indigenous bacterial community (chapter VII). Firstly, the stability of the 
bacterial community was assessed by molecular methods. The results revealed that 
Proteobacteria are the most abundant group of bacteria on moderately TBT contaminated 
sediment. Also, the majority of the bacteria found were closely related with unculturable 
bacteria. Additionally, no relevant alteration on the indigenous bacterial community is 
observed when Av27 is inoculated into the microcosm sediment. At the time of conclusion 
of this thesis, the results of the chemical analysis of OTs in the sediments were not 
available; therefore it was not possible to draw any conclusions about the TBT 
remediation in microcosms. Those results will help clarify the role of A. molluscorum Av27 
in the remediation of TBT. 
Many laboratories are committed to the development of remediation methodologies 
that could help reduce the negative impact of this compound in the environment. 
However, the high costs associated with the traditional chemical analysis can be an 
obstacle to new advances in these studies. In chapter VIII, a simple bioassay method was 
employed and proved its efficacy for a rapid screening of the presence of TBT in samples, 
prior to their chemical analysis. The method that is based on the inhibition of growth of an 
indicator strain, Micrococcus luteus, proved its usefulness to evaluate TBT toxicity of 
aqueous, soil and sediment samples. The method has been employed in our laboratory 
experiments to evaluate TBT toxicity of a soil that was bioremediated by Av27 strain, prior 
the chemical analytical analysis. The remediated soil was then used in bioassays using 
the plants Brassica rapa and Triticum aestivum (Silva 2011a) and also the invertebrates 
Porcellionides pruinosus (Silva 2011b). The results showed that Av27 strain was able to 
bioremediate TBT on soil (Silva et al. 2012a; Silva et al. 2012b). 
More recently, a transcriptomic approach was performed to identify further genes 
involved in TBT resistance/degradation in A. molluscorum Av27 (data not shown). These 
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results will provide useful information and will surely contribute to further elucidate the 
molecular mechanism of TBT resistance/degradation in A. molluscorum Av27.  
 
 
9.1.2 Highlights and major conclusions of the study 
The present study contributed to the understanding of TBT resistance in A. 
molluscorum Av27. An overview of the workflow and major conclusions of this thesis are 
presented on Figure 44. 
 
 
Figure 44. Overview of the workflow and major conclusions of this thesis. 
 
More specifically, the major achievements and conclusions of the present work are as 
follows: 
- In general, Gram negative bacteria are more resistant to TBT than Gram positive 
bacteria; TBT resistance profile of bacteria is independent of the contamination level at 
the site of collection from where the bacteria are isolated, i.e, more contaminated sites do 
not necessarily mean that bacteria are more resistant; 
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- A memory response seems to be present since bacteria progressively exposed to 
increasingly higher TBT concentrations become more resistant; 
- TBT has a negative impact on bacteria growth and on its metabolic activity; 
additionally, TBT toxicity is reduced in nutrient rich media; 
- A. molluscorum Av27 degrades TBT to its less toxic derivatives (DBT and MBT), 
uses TBT as carbon source and is not cytotoxic to Vero cells; 
- All Aeromonas strains isolated from Ria de Aveiro are resistant to TBT; 
- In A. molluscorum Av27, the Av27-sugE gene is involved in TBT resistance; over-
expression of this gene occurred in the presence of high TBT concentration and at the 
early growth phase; 
- In addition to TBT, ethidium bromide (EtBr), chloramphenicol (CP) and tetracycline 
(TE) are also substrates for Av27-SugE; 
- A TBT bioreporter system was developed that is able to detect TBT concentrations 
from 1 to 1000 nM; 
- The bacterial community from Porto de Pesca Longínqua (PPL), Ria de Aveiro, 
Portugal) is mainly constituted of Proteobacteria closely related to unculturable bacteria. 
The inoculation of A. molluscorum Av27 on the microcosm sediment environment does 
not disturb the indigenous bacterial community of the sediment; 
- A simple microbiologic bioassay proved its usefulness as a preliminary method to 
indicate presence of TBT in samples prior to their chemical analysis. 
 
 
9.1.3 Future perspectives 
The work developed and herein presented opened new perspectives for future and 
further studies that will help elucidate the TBT resistance mechanism on Aeromonas 
molluscorum Av27. Some aspects require further investigation and are below 
summarized: 
- Which other genes might be involved in TBT resistance in A. molluscorum Av27 and 
in other bacteria? 
- Which gene(s) are involved in TBT degradation in Av27 strain? 
- How can the performance of the TBT bioreporter be improved? 
- Can A. molluscorum Av27 enhance the TBT degradation in a microcosm 
environment? 
- What are the best conditions for TBT degradation? 
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- Can A. molluscorum Av27 be used for the bioremediation of TBT contaminated 
sites? 
All of these questions, and others that probably will arise, still need to be answered 
and more work need to be performed. Meanwhile, without an effective replacement, the 
ecological cost of increased bioinvasions and the economic costs of increased drag may 
outweigh the impacts of current AF strategies. Therefore, regulation of TBT substitutes as, 
for instance, copper should be cautious, and the gradual introduction of restrictions, 
similar to those used for TBT, should be observed to allow time for the development and 
implementation of more environmentally-friendly alternatives (Dafforn et al. 2011). 
 
 
 
 
The TBT problem has been suggested as one of the “late lessons from the last 
century early warnings” that can help the modern society to achieve a better balance 
between the innovation benefits and their unknown hazards (Santillo et al. 2001). 
 
May we learn from the less good things we do… 
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Appendix 1  
 
Table S1. Biochemical characteristics of Aeromonas molluscorum Av27 using ID 32 GN system. (+): positive; 
(-) negative. 
 
Test Abbreviation Result 
L-Rhamnose RHA - 
N-Acetyl Glucosamine NAG + 
D-Ribose RIB + 
Inositol INO - 
D-Maltose MAL + 
D-Sucrose SAC + 
Itaconic acid ITA - 
Suberic acid SUB - 
Malonate MNT - 
Sodium Acetate ACE + 
Lactic acid LAT - 
L-Alanine ALA + 
5-Keto-D-Gluconate 5KG - 
Glycogen GLYG + 
3-Hydroxybenzoic acid mOBE - 
L-Serine SER + 
D-Mannitol MAN + 
D-Glucose GLU + 
Salicin SAL + 
D-Melibiose MEL - 
L-Fucose FUC - 
D-Sorbitol SOR - 
L-Arabinose ARA + 
Propionic Acid PROP - 
Capric acid CAP + 
Valeric acid VALT - 
Citrate Sodium CIT - 
L-Histidine HIS + 
2-Keto-D-Gluconate 2KG - 
3-Hydroxybutiric acid 3OBU - 
4-Hydroxybenzoic acid pOBE - 
L-Proline PRO + 
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  A2 
 
Table S2. Biochemical characteristics of Aeromonas molluscorum Av27 using Vitek 2 system. (+): positive; (-) 
negative. 
 
Test Abbreviation Result 
Ala-Phe-Arilamidase APPA - 
Adonitol ADO - 
L-Pirrolidonil-Arilamidase PyrA - 
L-Arabitol IARL - 
D-Cellobiose dCEL - 
Beta-Galactosidase BGAL - 
Hydrogen Peroxide Production H2S - 
Glutamyl-Arylamidase-pNA AGLTp - 
Gamma-Glutamyl-Transferase GGT - 
Glucose fermentation OFF - 
Beta-Glucosidase BGLU - 
D-Mannose dMNE - 
Beta-Xylosidase BXYL - 
Beta-Alanin arylamidase-pNA BALap - 
L-Proline arylamidase ProA + 
Lipase LIP + 
Palatinose PLE - 
Tyrosine arylamidase TyrA - 
Urease URE - 
D-Tagalose dTAG - 
D-Trehalose dTRE + 
L-Lactate alkalinisation ILATK - 
Alpha-Glucosidase AGLU - 
Succinate alkalinisation SUCT + 
Beta-N-Acetyl-Galactosaminidase NAGA - 
Alpha-Galactosidase AGAL - 
Phosphatase PHOS - 
Arilamidase Glycine GlyA - 
Ornithine Descarboxylase ODC - 
Lysine Decarboxylase LDC - 
Cournalate CMT - 
Beta-Glucuronidase BGUR - 
O/129 resistance O129R + 
Glu-Gly-Arg-Arylmidase GGAA - 
L-Malate assimiliation IMLTa - 
Ellman ELLM - 
L-Lactacte assimilation ILATa - 
 
  
 
